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Abstract

The management of waste biomass is an increasing problem. The high water content and mixed
composition make its wider utilisation difficult. In addition, there are certain invasive species of flora
in the UK which cause significant damage to the natural and built environment. One of the most
publicised and problematic species is Japanese Knotweed (Fallopia japonica) or JKW. There is a
growing recognition that global resources are being consumed at an increasing rate that is not
sustainable for the long-term stability of our society. One such commodity material is activated
carbon, which is mostly made from coal and imported to the UK in significant quantities (16,000
tonnes per annum). Thus, this research has focussed on investigating the feasibility of utilising waste

biomass as a potentially novel and renewable source of activated carbon.

This research required the characterising and assessment of the suitability of green (biomass) waste
and JKW as potential feedstock for the production of activated carbon. The JKW biomass was
separated into rhizomes (JKWR) and stems (JKWS) and experiments were conducted independently.
Some of the characterisation tests conducted included CHNS analysis, thermal degradation
behaviour and lignocellulosic content analyses. Using high temperature carbonisation and steam
activation, waste biomass was converted into activated carbon. For the purpose of this work, the
parameters that were investigated were activation temperature, time and water flow rate. The
resulting adsorbents were characterised using established international as well as peer-reviewed
methods in order to determine their capabilities as activated carbons. These included BET surface
area measurement, butane working capacity, phenol adsorption tests as well as iodine number

determination.

Green waste was not suitable to undergo steam activation as it had high ash content and low carbon
content. As a result, the research focussed on the carbonisation and subsequent steam activation of
JKW. JKW biomass was carbonised at 600°C for 1h and the JKW chars were activated under
optimised conditions at 925°C for 1h under 0.5ml/min water flow rate. BET surface areas in excess of
900m?/g were achieved and this compared very favourably with a benchmark international
commercial carbon, Filtrasorb 400. It was observed that increased steam activation temperatures
resulted in activated carbons with high degrees of microporosity and the relative microporosity
decreased with activation temperature. The carbons were also superior to Filtrasorb 400 in phenol

and iodine adsorption tests. Further, Langmuir phenol adsorption capacities of 256 mg/g and 222
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mg/g and iodine numbers of 1307 mg/g and 1190 mg/g, respectively were measured for JKWS and
JKWR carbons.

There are growing concerns over new water pollutants which arise from plastic use. These molecules
are known to exhibit oestrogenic activity and hence, their removal is becoming a priority. The
application of these carbons for this purpose was tested, using bisphenol-A (BPA) as a surrogate
chemical of interest. JKWS activated carbon was able to perform as well as Filtrasorb 400 in BPA
adsorption tests achieving at least 300 mg/g capacity, which is extremely promising for a novel,

biomass derived activated carbon.

Overall, this research work has clearly demonstrated that rather than regarding waste biomass, and
particularly Japanese knotweed, as a problem, it may be an opportunity to provide the UK with a
home-sourced and renewable feedstock for commercial activated carbon. Adopting this feedstock
would be a major step towards resolving two UK government goals; reducing waste arisings and

creating a more sustainable economy by reducing demand for imported products.
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Chapter 1. Introduction

1.1 Waste

Waste is defined in the EU Waste Legislation Directive 75/442/EEC as “any substance or object which
the holder disposes of or is required to dispose of pursuant to the provisions of national law in
force”. It is also defined as “(of a material, substance, or by-product) eliminated or discarded as no
longer useful or required after the completion of a process” (Simpson and Weiner, 2002). In both
definitions, it is implied that waste does not have a monetary value and as such, it is simply disposed

of, possibly creating environmental and health problems (Williams, 2006).

Although the nature of waste can be heterogeneous, it can be generally categorised into three
classifications: hazardous, non-hazardous and inert wastes. Hazardous wastes are wastes that are
harmful to human health and/or to the environment, either immediately or over an extended period
of time (Environment Agency, 2012c). Examples of hazardous waste include lead acid batteries and
fluorescent tubes. Non-hazardous wastes, as its name implies, do not cause any harm to humans
and the environment and these could be edible oils, for example. Inert wastes are substances do not
undergo any significant physical, chemical or biological transformations and some examples of these

are bricks and concrete from demolition sites.

The EU has created a Waste Catalogue, which is a hierarchical list of waste descriptions established
by European Commission Decision 2000/532/EC in order to define wastes generated by industrial

processes (Environment Agency, 2012a). These are divided into three groups:

e Absolute Entries,
e Mirror Entries and

e Unclassified Entries.

Absolute Entries are wastes which remain hazardous even after treatment, whereas Mirror Entries
are only considered hazardous depending on the threshold level (concentration) of any dangerous
substance that might be present. Unclassified entries are wastes that do not have any hazardous
properties. The classification and definition of waste then gives rise to the possibility of its

management so as to have the minimal impact on human and environmental health.
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1.2 Waste Management

The EU promotes the sustainable management of waste over disposal because in this way, raw
resources are protected and end-of-life materials are prevented from entering the waste stream.
One of the main objectives of the 6™ EU Environmental Action Programmes (2001-2010) focuses on
the sustainable management of natural resources and waste, with the reduction of waste as a

specific objective. The actions needed to reach these targets include:

e The development of a strategy for the sustainable management of natural resources by
laying down priorities and reducing consumption;

e The taxation of natural waste use;

e Establishing a strategy for waste recycling;

e The improvement of existing waste management schemes;

e Investment into waste prevention and its integration into other EU policies and strategies.

One of the policies arising from the Environmental Action programmes is the EU Waste Framework
Directive (75/442/EEC 1975), which was first introduced in 1975 and its most recent iteration is
Directive 2008/98/EC.

The general objectives of the EU Waste Framework Directive are (Vehlow et al., 2007):

e The reduction of waste generation,

e The prohibition of uncontrolled discarding discharge and disposal of waste,

e The promotion of integrated waste management systems following the philosophy of
avoidance recycling and conversion of wastes with preference to material and energy

recovery.

The Directive 2008/98/EC introduces the "polluter pays principle" and the "extended producer
responsibility". It incorporates provisions on hazardous waste and waste oils (old Directives on
hazardous waste and waste oils being repealed with the effect from 12 December 2010), and
includes two new recycling and recovery targets to be achieved by 2020: 50% preparing for re-use
and recycling of certain waste materials from households and other origins similar to households,
and 70% preparing for re-use, recycling and other recovery of construction and demolition waste

(European Commission, 2012a).
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The EU waste hierarchy pyramid is seen in Figure 1-1 (Strategy Unit, 2002).

Prevention

Reduction

/ Re-use \
/ Recycling \
/ Energy \
Recovery
/ Landfill \

Figure 1-1: The waste hierarchy pyramid.

The prevention of waste is the most desirable option (Tier 1) as this strategy advocates the
avoidance of producing wastes during manufacture. If the production of waste is unavoidable then
its generation should be minimal (Tier 2). The ‘re-use’ stage (Tier 3) involves collecting and re-using
the same discarded product, e.g. glass bottles or retreaded tyres. Re-use also includes new uses for
the items that have served their original purpose such as using shredded tyre rubber as mulch in
playgrounds. Recycling (Tier 4) is when end-of-life products are processed and re-manufactured into
new products and this result in a net saving of energy costs of the recycled material compared to
virgin production. Energy recovery (on Tier 5) focuses on capturing the energy released during the
incineration of waste or using the landfill gas generated during the degradation processes in landfills.
The least desirable option is disposal to landfills (Tier 6). This is due to the production of methane
and carbon dioxide, which are greenhouse gases (GHGs), as the wastes degrade in landfills. A further
point of concern is the leachate, a potentially toxic liquid residue which may enter the water course

(Williams, 2006).

As a direct result of the EU Waste Framework Directive, the EU Landfill Directive was introduced in
1999. This Directive requires EU Member States to commit to a reduction in the landfilling of
biodegradable municipal solid waste (BMW) to 75% of 1995 arisings by 2010, 50% by 2013 and 35%
by 2020 (Williams and Kelly, 2003). The 2002 Landfill (England and Wales) Regulations implements

the EU Landfill Directive, which seeks to prevent or reduce the negative effects of the landfilling of
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waste to the environment and human health (Vrijheid, 2000), into UK law. These effects include

groundwater pollution, the emission of GHGs and losses of local amenity (Martin and Scott, 2003).

In order to de-incentivise the disposal of waste to landfill, a tax per tonne of waste was introduced
with the Landfill Tax Regulations in 1996 (Martin and Scott, 2003). This landfill tax currently stands at
£64 per tonne for hazardous and non-hazardous wastes and £2.50 per tonne for inert wastes in the
2012/2013 tax year. It is intended to encourage sustainable waste management via alternative

methods such as recycling and re-use (Martin and Scott, 2003).

As of 2010, the UK has met its 2010 Landfill Directive target (DEFRA, 2010b). However, it was noted
in a report by the Audit Commission that the UK still sends more waste to landfill than many other
western European countries and that at its current rate of use, the landfill sites in the UK will only be
viable for 7 more years. Furthermore, methane from landfill sites account for 3% of total UK GHG
emissions (Audit Commission, 2008). In order to meet future targets in 2013 and 2020, measures
such as recycling, composting, biogas production and material & energy recovery have to be

implemented. Landfill has to be the last resort for waste disposal.

One such waste stream that would benefit from diversion away from landfill is biomass, due to the

fact that it is biodegradable and as such, its degradation products will contribute to climate change.

1.3 Waste Biomass

Biomass is a term for all organic material that is derived from plants (including algae, trees and
crops) and includes all land- and water-based vegetation, as well as all organic wastes (McKendry,
2002). A plant’s architecture is made up of lignocellulose, a fibrous material that forms the cell walls
of the plant. It consists of three major components: lignin, cellulose and hemicellulose plus inorganic
materials. Biomass typically consists of approximately (by weight) 40% cellulose, 25% hemicellulose

and 20% lignin (Lange, 2007).

1.3.1 Cellulose

Cellulose is a polymer of glucose, comprising linear (1,4)-D-glucopyranose units, linked in a B-

configuration, with an average molecular weight (MW) of about 100,000 (McKendry, 2002). The

22



long, unbranched structure of cellulose with its intra- and intermolecular bonds contributes to its
high thermal stability and mechanical strength, shown in Figure 1-2 (Yang et al., 2007, Theander,
1985). The repeating unit of the cellulose chain is called a cellobiose unit, shown within the square

parenthesis.

OH CH,OH OH CH,0H
HO Qo O OH
OH OH
OH "\O OH \-O
0 o
CH,OH OH HOH,C ] OH

Figure 1-2: A cellulose polymer chain with the cellobiose unit within parenthesis. n is typically 400-

1000 (Swatloski et al., 2002).

1.3.2 Hemicellulose

Hemicellulose is a polysaccharide mixture, made up almost wholly out of sugars such as glucose,
mannose, xylose and arabinose and methlyglucuronic and galaturonic acids (Yang et al., 2007,
McKendry, 2002) with an average MW of less than 30,000 (McKendry, 2002). It is heterogeneously
branched with a lower boiling point than the other components, with the branches volatilising easily
to form CO, CO, and low MW hydrocarbons (Yang et al., 2007). Hemicelluloses differs from cellulose

because it consists primarily of xylose and other five-carbon monosaccharides (McKendry, 2002).

1.3.3 Lignin

Lignin can be regarded as a group of amorphous compounds with high MW. They are made up of a
three carbon chain attached to six carbon atom ring structures called phenyl-propanes and can have
up to two methoxyl side groups attached to the ringed structures (McKendry, 2002). The monomer
units form lignin through radical dimersation, oligomerisation, polymerisation and cross-linkage
(Mohan et al., 2006). Lignin is responsible for the rigidity of the biomass structure (Suhas et al.,
2007).
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CHyD

Figure 1-3: Possible molecular structure of lignin (Gregory, 2007).

The varying combination of lignocellulosic content is what determines the physical properties in
biomass. For example, woody plant species are typically characterised by slow growth and are
composed of tightly bound fibres whereas herbaceous plants are usually perennial with loosely
bound fibres, indicating a lower lignin content (McKendry, 2002). Additionally, biomass also contains
a variety of minor components such as proteins, terpenic oils, fatty acids/esters and inorganic

materials which are mainly based on N, P and K (Lange, 2007).

Biomass is considered to be a sustainable source of renewable energy and it can provide (Lange,

2007):

e Secured access to energy
e Mitigation of climate change

e Development/maintenance of agricultural activities.

However, as the cultivation of biomass increases for energy production, the amount of agricultural
residue generated also causes disposal issues. This is especially the case when producing first
generation fuels from biomass, called bio-fuels. The reason for this is that only the energy-dense
part of the plant such as oil seeds and grain (Moore, 2008) are used to produce energy and the rest

of the plant (stalks, branches, hulls, etc.) is discarded, creating waste biomass.
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Depending on the nature of the waste biomass, the disposal routes are either composting or
disposal to landfill, with the latter the most popular option of waste disposal in the UK (DEFRA,
2011).

1.4 Composting

Composting is a thermophilic, aerobic microbial decomposition process in which the organic
substances are degraded by microbes over a period of several weeks to form a dark brown, loamy
substance. The biodegradable material is piled onto large, pyramid-like heaps, about 3m high and
9m wide called windrows. In order to ensure that enough oxygen permeates throughout the
windrow, it is turned periodically using machinery, as seen in Figure 1-4. Turning also improves heat
distribution which regulates the temperature and moisture within the windrow. Composting can be
carried out in open windrows, which is the most common or using enclosed reactors called in-

vessels.

1.4.1 Open windrow composting

Open windrow is the simplest form of composting but pre-treatment of the waste is needed. The

waste is normally ground into 4-7mm particle size to aid aeration (Lester et al., 1999).
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Figure 1-4: Compost windrow being turned by machinery to improve aeration and regulate

temperature (Groundgrocer.com, 2012).

Composting can be divided into four phases: mesophilic, thermophilic, cooling and maturation or
curing. At the start of the process, the green waste is at ambient temperature and is usually slightly
acidic. This is due to the simple organic acids produced by acidogenic bacteria, which cause a drop in

pH. However, as the indigenous mesophilic organisms multiply, the temperature rises rapidly.

1.4.1.1 Mesophilic stage

When temperatures rise above 40°C, the activity of the mesophiles (microorganisms that grow best
at moderate temperatures; 30-35°C) is reduced and degradation is taken over by the thermophilic
fungi. The pH turns alkaline and ammonia may be liberated if excess readily-available nitrogen is
present. At 60°C, the thermophilic fungi die off and the reaction is sustained by the spore-forming
bacteria and the actinomycetes, a group of bacteria responsible for degradation of organic matter at
elevated temperatures. At temperatures of over 60°C, waxes, proteins and hemicelluloses are

readily degraded, although cellulose and lignin fractions are scarcely degraded. As the rapidly

26



degradable material is depleted, the reaction rate slows down, until eventually the rate of heat
generation becomes less than the rate of heat loss from the surface of the heap and the mass starts
to cool down. The bacterial and fungal biomass generated in the initial phases of composting can
become food for a succession of higher organisms which may be associated with the process,

including protozoa, rotifers and nematodes (Lester et al., 1999).

1.4.1.2 Thermophilic stage

Once the temperature drops below 60°C, the thermophilic fungi from the cooler outside of the mass
can re-invade the heap centre and commence their major degradation of cellulose. The hydrolysis
and subsequent assimilation of the polymeric material is a relatively slow process; hence the rate of
heat generation decreases still further and the temperature falls towards ambient. At about 40°C,
the mesophilic organisms recommence activity, either from the germination of heat-resistant spores

or by re-invasion from outside. The pH drops again slightly but usually remains slightly alkaline.

1.4.1.3 Cooling and curing stage

The nutrient levels available to the microorganisms in the compost are an important factor affecting
the time course of composting. If the C:N (carbon:nitrogen) ratio is greater than 80, composting will
generally not occur at all. At just under 80 composting will occur, but slowly. The rate of composting
will increase as the C:N ratio falls. This is because at low nitrogen levels, the composting process can
only be maintained if the nitrogen is recycled through successive generations of degradative
organisms while carbonaceous degradation takes place. This is a slower process than would occur if
the nitrogen were in a plentiful, more readily available form. As the nitrogen is conserved within the

process, the C:N ratio changes as the composting process proceeds (Lester et al., 1999).

The compost end-product can then be used as a soil conditioner, mulch, topsoil constituent, Turf

Dressing, and growing medium (WRAP, 2010).

1.4.2 In-vessel Composting

An alternative to open windrow composting involves mechanical aeration and mixing inside closed

reactors and is known as in-vessel composting. This solves the odour problems associated with open
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windrow composting as well as shortening the time taken for stabilisation to occur (Lester et al.,

1999). In-vessel composting is advantageous because:

e Lessland area is required

e The composting process can be more closely controlled

o The effects of weather are minimised

e Less bulking agent is required

e The quality of the product is more consistent

e Less manpower is needed to operate the system and staff exposure to material is minimised
e Process air can be collected and treated to minimise odorous emissions (Environmental

Protection Agency, 2000).

Conversely, the disadvantages associated with in-vessel composting are as follows:

e The initial capital investment is high when compared to traditional composting methods.

e Since it is heavily mechanised, there are maintenance costs to consider.

e Due to the large amount of carbonaceous material in storage, the potential for fires must be
assessed during facility design. However, this can be avoided by sufficient aeration and

moisture (Environmental Protection Agency, 2000).

1.4.3 Advantages and disadvantages of composting

Composting offers several advantages and these are (Environmental Protection Agency, 2000):

e Use of compost as a soil conditioner which will return nutrients to the soil as long as the

feedstock is suitable,
e Compost can be handled much easier than some other digested bio-solids,
e It is very friable with a consistency of peat soil and there are no restrictions placed upon it

for end-use, provided they meet strict pathogen reduction regulations.

Some disadvantages are listed below:

e Compost from mixed refuse may contain high concentrations of heavy metals, which could

potentially require the contaminated compost to be landfilled instead;
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The discharge of bio-aerosols is also a problem. These are biological agents that are released
into the atmosphere during turning of windrows and can affect the health of workers at the
facilities and the wider public (Marchand et al., 1995, Blinger et al., 2000, Taha et al., 2006).
Bio-aerosols can be anything small enough to be emitted into the air, from fungal spores

such as Aspergillus fumigatus to pollen and dust;

Composting produces GHGs such as methane, carbon dioxide and nitrous oxide during the
decomposition of the organic matter (Jackel et al., 2005, Fukumoto et al., 2003, Chang et al.,
2009, Andersen et al., 2010). Methane has 23 times the Global Warming Potential (GWP) of
carbon dioxide and nitrous oxide has 296 times the GWP of carbon dioxide (IPCC, 2001). All

of these gases exacerbate the effects of climate change;

Volatile organic compounds (VOCs) are a large group of anthropogenic or biogenic organic
compounds with relative high vapour pressures and these compounds can be potential air
pollutants, due to their malodorous and hazardous properties, as well as contributing to
global warming, stratospheric ozone depletion and tropospheric ozone formation (Komilis et

al., 2004);

The gaseous emissions are responsible for the odours associated with composts and as a
result, large composting facilities face a ‘Not in My Back Yard’ (NIMBY) attitude from the
local inhabitants. Improperly managed open composting facilities could potentially affect

sub-surface water tables if they leach (Kjeldsen et al., 2002).

1.5 Landfill

A landfill is an ‘engineered method of disposing solid waste on land in a manner that protects the

environment by spreading the waste in thin layers, compacting it to the smallest practical volume

and covering it with compacted soil by the end of each working day or at more frequent intervals if

necessary’ (Corbitt, 1999).

In 2009-10, 49% (w/w) of the UK’s MSW is landfilled (DEFRA, 2011) and 67% of the MSW collected is

biodegradable (Parfitt, 2010) and as such, can and should be diverted away from landfill. There is a
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likely trend towards smaller numbers of larger landfills due to the economies of scale, which is

attributed to the higher costs of landfilling as a result of the EU Landfill Directive.

1.5.1 Processes occurring in landfills

There are five main stages of degradation in landfills. These are hydrolysis, fermentation,
acetogenesis, methanogenesis and oxidation. These are not distinct stages but can occur
simultaneously in different sections of the landfill until it stabilises. A summary of the processes is

shown in Figure 1-5.

Waste Organicfraction Gases Leachate
Stage 1 (70-90°C)
Hydrolysis/Aerobic degradation CO,,H,0
Aerobic Aerobic
Anaerobic Anaerobic
Organicacids
Stagezo Hydrolysis and Fermentation H,, CO,, H,0
(30-50°C) Ammoniacal nitrogen
. Aceticacid
Stage3 Acetogenesis
& & H,, €O,
Stage 4 .
Methanogenesis CH,4, CO
(30-45°) & v2
Anaerobic Anaerobic
Aerobic Aerobic
Stage5 Oxidation co,
(Ambient Temperature)

Figure 1-5: Major stages of degradation in landfills (Waste Management Paper 26B, 1995).

At Stage 1 of the degradation process, the hydrolysis stage takes place under aerobic conditions and
can last days or weeks, depending upon the amount of air (oxygen) trapped in the void spaces of the
compacted waste. During Stage 2, fermentation occurs due to the depletion of oxygen reserves by
the activity of aerobic bacteria. Anaerobes begin colonising the landfill and produce sugars from

carbohydrates, proteins and lipids.
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Acetogenesis is the third stage of the process and the conditions are still anaerobic. This causes the
landfill and the leachate to develop acidic conditions which promotes the dissolution of metal ions.
The leachate has increased amounts of metal ions and a pH of 4 or less. Hydrogen sulphide may also

be produced at this stage.

The fourth stage is methanogenesis and is responsible for the generation of the main component of
landfill gas, methane. The methane gas is generated by the methanogens utilising the organic acids
and hydrogen as feedstock. As a result, hydrogen levels deplete and leachate pH increases during
methanogenesis. The processes that occur are relatively slow and may take several years to
complete and does not commence until about 6 months to several years after deposition of the

waste in the landfill.

The final stage is oxidation where the degradation reactions end due to a depletion of organic acids
used in producing methane and carbon dioxide. At this stage, aerobic conditions set in and aerobes

convert residual methane to carbon dioxide and water.

1.5.2 Advantages and disadvantages of landfills

The major benefit of landfilling waste is the relative low cost compared with other disposal options
and that a wide variety of wastes are suitable for landfill (Williams, 2006). In fact, landfill is still the
final destination of a lot of wastes that have been ‘treated’ by disposal methods such as incineration.

For example, incinerator bottom ash has to be disposed of into landfills.

The collection and utilisation of landfill gas from a well-managed and engineered landfill site is
another advantage but landfill achieves a lower conversion efficiency than incineration of about one-
third less due to conversion of organic materials into non-combustible gas and leachate (Williams,

2006).
The same landfill gas; which mainly consists of methane, can also accumulate and reach explosive

concentrations if not properly managed, causing it to be a cause of concern with older landfill sites.

Older landfill sites are also often associated with uncontrolled leakages.
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The emission of GHGs from landfills is aggravated by the disposal of biodegradable municipal waste
(BMW) into landfills. In order to lessen the gaseous emissions, BMW such as waste biomass can be

diverted away and alternative, sustainable methods of waste biomass management could be

implemented.
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Chapter 2. Potential waste biomass candidates

2.1 Green Waste

Green waste forms part of the waste biomass stream. However, the exact definition of green waste
is difficult to establish (DEFRA, 2010a) due to the varied and heterogeneous nature of the waste, as

well as the differences in international definitions.

For example, in Australia, green waste consists of garden and food waste (Lundie and Peters, 2005)
whereas green waste is defined as consisting of garden and park waste; made up of organic
materials such as grass clippings, hedge cuttings, pruning, leaves and wood as well as inorganic
materials (soil and stones) in Denmark (Boldrin and Christensen, 2010). However, the National
Association of Waste Disposal Officers (NAWDO, 1998) in the UK defines green waste as waste

consisting of:

e grass cuttings,

o flower cuttings,

e hedge clippings,

®  prunings,

e weeds,

e |eaves,

e dead plant material,

e soil-bound roots.

Hence, the definition of green waste used in this project will be the list as defined by the National
Association of Waste Disposal Officers. It is generally agreed by researchers that the composition
and amount of green waste produced varies seasonally (Boldrin and Christensen, 2010, Andersen et
al., 2010). However, there is insufficient data and statistics regarding green waste generation due to

the fact that many European countries mixed green waste with food waste (Eurostat, 2005)
Green waste makes up 17-30% of the municipal solid waste (MSW) in the UK (Parfitt, 2002, Parfitt et

al., 2001) depending on seasonal variations and local authority policies on collections (Burnley,

2007).
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In 2005/06, 2.4 million tonnes of green waste from households was generated in the UK (DEFRA,
2007), with 3.7 million tonnes reported in 2009/10. Green waste is usually composted as a means of

disposal. There are three main ways of composting (Jones et al., 2008):

e Home composting,
e Disposal at civic amenity (CA) site and composted by local authority in windrows or in-
vessels,

e Collection by local authority for centralised composting.

In 2008, 45% of green waste was home composted, 10% was sent to CA sites and 40% was collected

and centrally composted (Jones et al., 2008).

2.2 Japanese Knotweed (Fallopia japonica)

A widely-publicised and problematic plant species is Japanese knotweed (Fallopia japonica) or JKW
(BBC, 2011c). It is a large, herbaceous perennial plant, native to China; Japan; parts of Korea and
Taiwan, introduced to the UK during the Victorian era as an ornamental plant and cattle fodder. It is
a member of the Polygonaceae family and is commonly referred to the following genera: Polygum,
Reynoutria and Fallopia (Beerling et al., 1994). In 1855, a specimen was sent to Kew Gardens and by
1905, the Journal of the Royal Horticultural Society no longer advised the planting of JKW unless it
was ‘most carefully kept in check’ (Child and Wade, 2000).

JKW has smooth tubular stems, which grow up to 3m high, and extend from a large underground
rhizome crown which acts as a carbohydrate store during winter months (Shaw et al., 2009). They
are usually seen in clumps as shown in Figure 2-1 (a). The stems are light green in colour, often with
red flecks ending in creamy-white flower panicles (Beerling et al., 1994), as seen in Figure 2-1 (b).
Fully-grown leaves are heart-shaped and are up to 120mm in length as seen in Figure 2-1 (b). It has
an extensive underground rhizome system which can extend up to 7m away from the parent plant.

The rhizome itself is of a dark brown exterior with a bright orange interior (Child and Wade, 2000).
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Figure 2-1: Clumps of Japanese knotweed growing in the wild (a) and heart-shaped leaves with

creamy-white flower panicles (b).

2.2.1 Habitat

In the UK, JKW normally occurs in a variety of relatively productive, usually man-made environments
such as spoil heaps; along canal, stream and river banks; road verges; railway embankments; vacant
lots; neglected gardens; etc. suggesting that human disturbance assists its distribution (Child and

Wade, 2000).

The species is able to tolerate acidic soil and soil contaminated with heavy metals, or soils having a
high salt content. It also has a high resistance to sulphur dioxide pollution and is often found growing
alongside volcanic fumaroles with high atmospheric concentrations of sulphur dioxide (Child and

Wade, 2000).

2.2.2 Reproductive methods

The plant spreads itself by asexual reproduction, using the rhizomes to develop several aerial stems.
At the end of the growing season, the aerial stems produce underground winter buds at the base of
the plants and then wither. The following spring, the winter buds produces new aerial stems, in
similar positions and this forms a cluster of stems around the main rhizome. As a result, the patch
develops outwards, the shoot density of Fallopia japonica decreases in the centre, exhibiting a

phenomenon known as ‘central die-back’ (Adachi et al., 1996, Bashtanova et al., 2009).
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The stems are also capable of reproduction; they have been shown to produce adventitious roots in
suitable conditions in as little as a few days, followed by axilliary shoot production if the conditions

were maintained (Beerling et al., 1994).

A hypothesis is that the entire population of JKW found in the UK are the consequence of a male-
sterile clone (Bailey and Conolly, 2000). Molecular evidence generated by Hollingsworth and Bailey
(2000) provide strong evidence to support this hypothesis. The exponential spread of JKW in the UK
as seen in Figure 2-2 has been achieved without the advantage of sexual reproduction; which
normally contributes to long-distance dispersal (Levin, 2000). The data for the plot in Figure 2-2 was

obtained from the Botanical Society of the British Isles (BSBI, 2011).
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Figure 2-2: Exponential spread of Japanese Knotweed on the British Isles., plotted with data from

BSBI (2011).

The initial introduction of JKW into the wild was a result of garden throw-outs and subsequently,
from earth-moving projects involving established plants; it has been reported that rhizome
fragments as small as 4 grams could produce shoots 70% of the time (Brock and Wade, 1992). lllegal
fly-tipping of waste and top soil containing rhizome fragments are also to blame, as well as natural
occurrences such as flooding events; which spread the rhizomes downstream (Shaw et al., 2009,

Beerling et al., 1994).
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Unlike in its native Japan, JKW does not suffer from biological predation in the UK (Bailey, 2003),

allowing it to thrive unchecked.

2.2.3 Problems associated with JKW

The presence of JKW is usually correlated with a decrease in biodiversity of the local environment
(Maerz et al., 2005, Gerber et al., 2008, Shaw et al., 2009, BBC, 2011a). Studies have also shown that
JKW releases allelochemicals from its rhizomes to inhibit the growth of competing species (Weston

et al., 2005, Vrchotova and Sera, 2008).

The destruction caused by the propagation of JKW also affects the man-made environment. Cases
have been documented of growing shoots breaking through pavements and asphalt; of rhizomes
perforating foundations, walls, land drainage works and flood defence structures (Beerling et al.,
1994, Child and Wade, 2000). There have also been documented cases where JKW has invaded
properties and homes and caused the house price to drop by more than 80% (BBC, 2011b). As a
result, some mortgage lenders refuse loans on JKW-infested properties (Driscoll-Woodford, 2010). A
recent case where the presence of JKW has affected homes was reported in Guernsey where a site
earmarked for social housing was overgrown and development had to be delayed (BBC, 2012).
Recently, the Olympic Park site in Stratford has been reported to be affected by the growth of JKW

(Bailey, 2012) and it has been estimated to cost up to £70 million to treat (Booth, 2007).

Devon County Council (2010) has compiled a list of the problems caused due to the spread of JKW:

e Damage to paving and tarmac areas

e Damage to flood defence structures

e Damage to archaeological sites

e Reduction of biodiversity by out-shading native vegetation

e Restriction of access to riverbanks for anglers, bank inspection and amenity use

e Increases erosion when the bare ground is exposed in the winter

e Obstructs visibility and access on roads and paths

e Reduction in land values

e Increased risk of flooding through dead stems washed into river and stream

channels
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e Increased risk of soil erosion and bank instability following removal of established
stands in riparian areas

e Accumulation of litter in well established stands

o Aesthetically unsightly

e Expensive to treat (£1/m?® for a spraying regime over 3 years not including re-

landscaping).

JKW is listed as an invasive species in the US, UK and Canada; and where it grows, it is a successful
competitor. JKW forms a dense canopy which overshadows and inhibits the growth of other plants
(Beerling et al., 1994, Child and Wade, 2000). The plant eventually replaces existing vegetation,

including other rhizomatous species such as bracken (Pteridium aquilinum).

2.2.4 Current control methods

JKW is listed under Schedule 9, Section 14 of the Wildlife and Countryside Act 1981 and it is an
offence to plant or otherwise cause the species to grow in the wild. It is also classed as a ‘controlled’
waste by the Environmental Protection Act (EPA) 1990, where its disposal must be at a licensed

landfill site according to EPA (Duty of Care) Regulations 1991.

JKW growth and spread can be managed using traditional methods such as cutting, grazing, pulling
and digging. The goal is to repeatedly deplete the rhizome of its reserves, hindering the plant’s

ability to regenerate over time (Weston et al., 2005).

Pulling and digging may remove both the rhizomes and the stems but this is dependent upon soil
conditions and perseverance and all removed plant material must be burnt to avoid re-growth (Bond
and Turner, 2006, Soll, 2004) or buried to a minimum depth of 3m (Bailey and Conolly, 2000).
However, this may not be the best practise as it is labour-intensive and it took 3 years to eliminate
just a small patch (Bond and Turner, 2006) as well as creating opportunities for spreading plant
fragments (Seiger, 1991) and as such, is not recommended for larger patches of JKW (Weston et al.,

2005, Bond and Turner, 2006).

Herbicidal treatment is only recommended for use by qualified personnel and preferably, away from
water courses and riparian habitats; depending upon the type of herbicides used. The most common

herbicides used are glyphosate; 2,4-D amine; triclopyr and picloram. The first two are approved to
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be used near water and the latter two are prohibited for use near water. Herbicide treatment must

be carried for at least 3 years before JKW stops growing back.

2.2.5 Disposal options

The options available for JKW waste are as follows:

e On-site burning,
e On-site or off-site burial,

e Off-site disposal into landfill.

The Environment Agency recommends burning or burying any cut stem or rhizome material on-site
(Environment Agency, 2012b). Burning of any in-situ plants is ineffective and not recommended
(Child and Wade, 2000). However, if burning is required, this must take into account any local by-
laws and the potential to cause a nuisance or pollution. Permission must be sought from the
Environment Agency unless exempt under Paragraph 30 of Schedule 3 of the Waste Management
Licensing Regulations 1994; which only permits burning of plant tissue on the land where it was
produced and the total quantity burnt does not exceed 10 tonnes in 24 hours. On-site burial must be
in trenches with a minimum depth of 5m and lined with root barrier membranes. Once filled, the
membrane is also used to cover the waste biomass before being filled with inert fill or top soil. Only
JKW that has not been treated with herbicides or with non-persistent herbicides are allowed to be
buried. This is to prevent any adverse effects the herbicide might have on the environment

(Environment Agency, 2012b).

Cut plant material should be collected and allowed to dry out in small piles on-site. They should be
regularly inspected to ensure that they are not spread around by wind or moving construction
vehicles. Cut stems are not recommended to be placed in compost heaps (Child and Wade, 2000). As
a last resort, if JKW cannot be treated on site by burying or burning, it is sent off for disposal in a

landfill.

39



2.3 JKW as waste biomass

Figure 2-3 shows the spread of JKW around the British Isles (BSBI, 2011). Each dot represents at least

one record in a 10km square.

{
¥

-
I3

g

|

Figure 2-3: Distribution of Japanese knotweed in the British Isles at a resolution of 10km® (Bailey,

2012).

JKW is found on nearly every surface on the British Isles, as evidenced in Figure 2-3. In 2 locations in
the UK, Brock (1994) has estimated an average occurrence of about 9 tonnes/ha of JKW above-
ground stem (JKWS) and about 15 tonnes/ha of JKW underground rhizome (JKWR). From the data
collected by Brock (1994) and BSBI (2011), it can be calculated that there are approximately 2.6 x 10®
tonnes of JKWS and 4.3x10° tonnes of JKWR in the UK and Republic of Ireland (see Appendix | for

calculations).

The fact that JKW is a successful invasive species is helped by the fact that it is a male-sterile clone of
a species (Hollingsworth and Bailey, 2000) and as such, has a very effective vegetative reproduction
by woody rhizomes. This enables it to spread widely and quickly to the point that a single stand can

occupy a large area (Bailey, 2012)
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According to the Non-Native Species Secretariat (2011) , JKW costs the UK economy £166 million
annually and it would cost up to £1.56 billion to eradicate JKW in the UK using current methods
(DEFRA, 2003). Researchers have listed JKW as the second most economically damaging invasive

species in the UK (BBC, 2010).

2.4 Summary

Waste biomass has potential for the recovery of energy and valuable materials. Thus,
processing waste biomass for usage has the benefit of eliminating any required pre-treatment
processes and disposal with added costs (as in the case of disposal to landfill). Therefore, if
alternative treatment/disposal routes can be identified, which produce high-value products from
that waste, the proceeds from the end products could partially off-set the costs of treatment and

disposal.

Conversion of waste biomass into low-cost, high surface area adsorbents is being proposed in this
project to demonstrate the valorisation of JKW, as a sustainable, alternative means to disposal and

so diverting it from landfill.

Examination of literature indicated that the potential for converting GW and/or JKW into high

surface area adsorbents has previously not been investigated.

Green waste was chosen as a potential precursor due to its status as ‘waste’ and its wide-spread
availability. Even though some of it is composted and sold as a soil conditioner, conversion to
adsorbents would yield a much higher market price in a much shorter time span than composting

whilst controlling gaseous emissions.

Japanese knotweed was chosen because it is a waste biomass with an unsustainable disposal route
(burning, burial or landfill) which leads to atmospheric emissions. Possible valorisation of the end-
product would offset the costs of removal and manufacture. Japanese knotweed can be separated
into two main parts: the above ground stems (JKWS) and the underground rhizomes (JKWR). Both

parts of the plant were characterised for their suitability as precursors to adsorbents.

Both JKWS and JKWR were studied holistically to ensure that the complete plant gets utilised in the

alternative “disposal” method and to determine the potential of the entire plant to be converted
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into adsorbents. Additionally, both parts of the plant are capable of reproducing and it is vital that
the entire plant be rendered inactive by the carbonisation and activation processes to minimise the

risk of reproduction.
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Chapter 3. Adsorbents

The conversion of waste biomass into activated carbons could prove to be a viable, alternative and
sustainable way to manage waste biomass. Activated carbons are a type of adsorbent used in water

purification, solvent recovery and odour removal amongst other uses.

Adsorbents are materials that possess surfaces which exhibit affinities for other substances. The
term, adsorption as defined by the International Union of Pure and Applied Chemistry (IUPAC) is
“the enrichment of one or more components in an interfacial layer”, where the component

(adsorbate) is adsorbed onto the surface (adsorbent) (Gregg and Sing, 1982).

3.1 Porosity

Pores act as a passage between the external and internal surfaces of a solid, allowing gases and
liquids to pass into, through or out of the solid. Porosity is a collective term for these pores and their
distribution in the solid structure (Fletcher, 2008).

Dubinin (1960) first suggested the classification of pores according to their average width and this
has since been formally adopted by IUPAC; the classification is shown in Table 3.1 (Gregg and Sing,

1982):

Table 3.1: Classification of pores.

Type of pore Width
Micropore Less than 2nm
Mesopore Between 2nm and 50nm
Macropore More than 50nm

In micropores, the probability that adsorbate molecules come into contact with each other is very
high, owing to the close proximity of the adsorbent walls; thus the amount adsorbed is enhanced (at
a certain pressure). Furthermore, micropores make up >95% of the total surface area of common
activated carbons (EI-Geundi, 1997), depending on the degree of activation. In mesopores, capillary
condensation takes place and in macropores, the pores are too wide to sufficiently map an isotherm

in detail due to the uniformity of the relative pressures (Gregg and Sing, 1982).
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3.2 Adsorption

There are two types of forces responsible for adsorption: physical (physisorption) and chemical
(chemisorption) adsorption. Physisorption relies upon electrostatic Van der Waal’s forces between
the adsorbate and adsorbent molecules and is only apparent over a small range whereas
chemisorption is a result of the formation of a chemical bond between the adsorbate and adsorbent.

Thus, chemisorption is much stronger. However, only physisorption is considered in this project.

3.2.1 Adsorption from the gas phase

The relationship between the quantity of adsorbate adsorbed and the relative pressure at constant

temperature is called the adsorption isotherm and is given by Equation 3-1.

P
Equation3-1: N = f(ﬁ)
T

Where n=amount adsorbed, P=vapour pressure of adsorbate, P°=saturation vapour pressure of

adsorbate and T= temperature (Gregg and Sing, 1982).

For adsorption from a solution, the adsorption isotherm is the relationship between the quantity of
adsorbate adsorbed as a function of the equilibrium concentration in the bulk solution at constant

temperature (Faust and Aly, 1998).

Adsorption isotherms assist in the selection of adsorbents for specific applications, in estimating the
surface area and adsorption capacities, the volume of the pores and their distribution (Pollard, 1990,
Smisek and Cerny, 1970). Five different types of adsorption isotherms (Type | — Type V) have been
suggested by Brunauer et al. (1940) and these are shown in Figure 3-1. Additionally, a rare

adsorption isotherm (Type VI) can also be seen in Figure 3-1 (Gregg and Sing, 1982).
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Figure 3-1: The five adsorption isotherm types (I-V) suggested by Brunauer et al. (1940) and Type VI,
as suggested by Gregg and Sing (1982). Point B is the point at which the monolayer is completely

formed and is taken as the monolayer capacity of the adsorbent.

The isotherm type gives an indication of the adsorption mechanism occurring in the sample (see
Table 3.2). A Type | isotherm indicates the filling of micropores, which occurs due to enhanced

adsorbent-adsorbate interactions in micropores (Williams and Reed, 2006).

Type Il indicates multiple monolayer adsorption; with the thickness of the adsorbed layers increasing
with relative pressure and is usually obtained with non-porous or macroporous adsorbents with

complete reversal of adsorption possible.

Type lll isotherms show that the bonds between adsorbent and adsorbates are weak whereas a Type
IV isotherm is an indication of vapour condensation in the pores of a solid, which occurs when the
vapour pressure is less than unity. This is an effect known as capillary condensation, which is
represented as a hysteresis loop (Gregg and Sing, 1982, Sing, 1985). The hysteresis loop shows that
there is a mechanism of pore filling and emptying occurring. Pore filling is represented by the

bottom plot line whereas pore emptying is represented by the upper plot line.
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A Type V isotherm is similar to the Type lll and Type IV isotherms in that it demonstrates weak
interactions between the adsorbent and adsorbate with the inclusion of a hysteresis loop that

exhibits pore filling and emptying.

Type VI isotherms are associated with layer-by-layer adsorption on a highly uniform surface, the

shape being system and temperature dependent (Williams and Reed, 2006).

Point B in Type Il and IV adsorption isotherms indicate the end of monolayer filling and the amount

of adsorbates adsorbed at Point B is the monolayer capacity of the adsorbent.

Table 3.2: Adsorption isotherms with associated porosity characteristics (Gregg and Sing, 1982).

Isotherm | Type of porosity in solid

Typel Microporous
Type ll Non-porous/Macroporous
Type lll Weak adsorbent-adsorbate interactions in a non-porous or macroporous solid

Type IV Mesoporous
Type V Weak adsorbent-adsorbate interactions in a microporous or mesoporous solid

Type VI | Stepwise multilayer adsorption on a uniform non-porous surface

For Type IV isotherms, the hysteresis loop can be further classified into H1, H2, H3 and H4 types.

These are shown in Figure 3-2.
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Figure 3-2: IUPAC classification of Type IV hysteresis loop.

H1 type is usually associated with agglomerates or uniform powders, H2 is associated with certain
silica gels with poorly defined sizes and H3 and H4 are indicative of adsorbents with slit-shaped

pores or plate-like particles (Gregg and Sing, 1982).
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3.2.2 Type IV isotherms, capillary condensation and the Kelvin equation

Adsorbate molecules adsorb onto the surface of an adsorbent by layers and once the initial
monolayer is completely formed, it is assumed that the next layer is formed or adsorbed on top of
the existing monolayer. This causes the isotherm to extend upwards, indicating a higher uptake of
adsorbate molecules. Once desorption occurs, a hysteresis loop is formed and does not follow the

initial adsorption isotherm path.

It has been proposed by Zsigmondy that capillary condensation occurred within the pores as the
pressure of adsorbing gas was increased (Gregg and Sing, 1982). This was based upon the work of
Lord Kelvin and the equation in which he proposed that vapour pressure of the gas above a curved

surface was different to that above a flat surface.

The Kelvin equation is in turn, based on the Young-Laplace equation which showed that the
pressures on opposite sides of the liquid-vapour boundary was related to the curvature rl and r2 as

well as to the surface tension of the liquid (Gregg and Sing, 1982).

1 1
AP=P“—Pﬂ=y(———)
rn mn

Where: P*= Pressure of liquid
PP = Pressure of vapour

y = surface tension of liquid

During capillary condensation within a pore, the liquid is in equilibrium with its vapour and thus,
mechanical equilibrium (Young-Laplace equation) and chemical equilibrium (Gibb’s chemical

potential theory) can be expressed as the Kelvin equation:

P 2yV, 1

In— =
", T RT T,

Where: V_ = molar volume of liquid
R= Gas constant
T= Temperature in Kelvin

rm= mean radius of curvature
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From the Kelvin equation, it is derived that capillary condensation occurs at pressure P, which is
determined by r,. The Kelvin equation is usually used to determine the pore size distribution of

adsorbents, in which the desorption branch of the isotherm was used by Barrett et al. (1951).
Assumptions used by Barrett et al. (1951) include:

i Pores of adsorbent are open cylinders
ii.  The amount of adsorbate in equilibrium with its gaseous phase is retained by the adsorbent
as a result of physical adsorption onto the adsorbent walls and capillary condensation in the

inner capillary volume.

As the method for pore size distribution determination assumes that the pores are cylindrical and it
is known that the shapes of pores are of different forms, pore-size distribution data must be taken

with caution and only used for comparative purposes.

3.2.3 The Horvath-Kawazoe method

The Horvath-Kawazoe (HK) method (Horvath and Kawazoe, 1983) was developed to determine the
effective pore diameters of pores in microporous solids. The authors assumed that the micropores
of the porous solids were slit-like and were confined between two graphitized layers. Horvath and
Kawazoe derived their equation using Lennard-lones functions and the Gibbs free energy of
adsorption. The HK equation correlates the effective pore diameter of a micropore to the adsorption

isotherm (Coulter, 1991).

4 10 4 10
Equation 3_2: RT ln (%) = K Na:‘l-a(‘;i\’;)AA X 3(;—-_‘1)2 - 9(?2)9 - 3(0-2)3 + [

Where:

R=Ideal gas constant (J/mol)

T=Adsorption temperature (K)

P=Adsorption pressure (Torr)

P°=Saturation pressure of adsorbate at temperature, T in (Torr)

K=Avogardo’s number
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N.=Number of atoms per unit area of adsorbent

N =Number of molecules per unit area of adsorbate

A,=Lennard-Jones constant for adsorbent

A =Lennard-Jones constant for adsorbate atom at zero interaction energy
|=Distance between nuclei of two layers (nm)

da=Diameter of adsorbent molecule (nm)

d,=Diameter of adsorbate molecule (nm)

d=d, + d, (hm)

o=Distance between surface and gas atom at zero interaction energy (nm)

The above Equation 3-2 correlates the adsorption pressure to the distance between two layers of
the adsorbent and hence, an expression that correlates the volume adsorbed to the effective pore

diameter (1-d,) may be obtained. This is expressed as:

Equation 3-3: % = f(l - da)

Where:
W=volume of gas adsorbed

Wo=maximum volume of gas adsorbed.

The constants o, N, and N, were obtained from other sources of literature as reported by Horvath

and Kawazoe. They proposed that their equation is applicable for pore sizes between 0.35nm and

1.4nm. The plotting of % against (I — d,) provides the pore size distribution.
0

3.3 Adsorption isotherms of solutes from aqueous solutions

Giles et al. (1974b) introduced a classification of adsorption isotherms for the adsorption of solutes
from aqueous solutions. The classification divides the isotherms, based upon their initial slopes into
four main classes named: S, L, H and C classes. These classes relate to behaviour at higher
concentrations and are further sub-divided into subgroups of 1, 2, 3, etc. This is shown in Figure 3-3

and explained in Table 3.3.
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Figure 3-3: Classification of isotherm shapes for the adsorption of solutes from aqueous solutions

(Giles et al., 1974b).
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Table 3.3: Summary of adsorption isotherms associated with aqueous adsorption (Giles et al., 1974a,

Giles et al., 1974b).

Type of Curve | Explanation

S Activation energy for desorption of the solute molecules is concentration-
dependent and/or is diminished by negative effects of the solvent or the presence

of a second solute in the solution.

L Valid for either mono-disperse or aggregated solutes; most common isotherm.

H Extremely strong adsorption of charged solute molecules onto oppositely-charged

surfaces, resulting in a long plateau.

C Non-ionic molecules interact with hydrophobic molecules such as when dyes are

adsorbed onto hydrophobic fibres.

Insufficiently concentrated solution to complete the monolayer.
Sub-group 1
Monolayer has been formed and the effective surface covered by each solute
molecule and hence, the capacity can be determined from the height of the

Sub-group 2
plateau.

Absence of a plateau is caused by the formation of subsequent hydrophobic

Sub-group 3 layers on top of the first hydrophobic monolayer.

Presence of a second plateau which is due to the completion of a second

Sub-group 4 monolayer.

Adsorption by high solute concentrations where solute-solute forces can caused
Sub-group 5
some desorption

Therefore, the aqueous adsorption isotherms are able to aid in the identification of the adsorption
mechanism, differentiation between adsorption of mono-disperse and associated species and

specific surface measurement of finely divided or porous solids (Giles et al., 1974a).
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3.4 Mathematical models of adsorption
The adsorption theories used in this study were the Freundlich, Langmuir and BET theories.

Additional models used to assist in the interpretation of gas adsorption data are the t-plot and the

Horvath and Kawazoe equation.

3.4.1 The Freundlich Model
The Freundlich (1906) isotherm is often described as a limiting form of the Langmuir isotherm and is
perhaps one of the most widely-used mathematical description of adsorption in aqueous systems

(Faust and Aly, 1998).

The Freundlich equation is an empirical expression that encompasses the heterogeneity of the

surface and the exponential distribution of sites and their energies (Faust and Aly, 1998).

For adsorption from solution, the Freundlich equation is expressed as seen in Equation 3-4:

1
x =
Equation 3-4:  — = KpC,n
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Mass of adsorbate/Mass of adsorbent

Equilibrium concentration

Figure 3-4: Typical form of adsorption corresponding to Freundlich equation for aqueous adsorption

(Moreno-Castilla, 2004).

The plot in Figure 3-4 shows a typical aqueous adsorption isotherm according to the Freundlich

equation (Equation 3-4).

The linearised form is expressed as:
X 1
Equation 3-5: In — = In K. + ;ln Ce

Where: x/m=amount of adsorbate (x) adsorbed by amount of adsorbent (m) and C. = equilibrium
concentration of adsorbate. K: is a rough indicator of the adsorption capacity (Hameed and Rahman,

2008).
The values of n and k can be obtained from the slope (1/n) and intercept (In k) of the linear plot

(In (x/m) vsInC,) given by Equation 3-5 and n is always greater than unity, indicating favourable

adsorption conditions (Hameed and Rahman, 2008, Fierro et al., 2008).
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Steep slopes ( 1/n close to 1) indicate high adsorptive capacity at high equilibrium concentrations
covered by the isotherm. Relatively flat slopes ( 1/n « 1) indicate that the adsorptive capacity is

only slightly reduced at the lower equilibrium concentrations (Faust and Aly, 1998).

3.4.2 The Langmuir Model

Langmuir (1918) derived his kinetic equation to account for gaseous adsorption, with the
assumption that adsorption was only limited to a single molecular level and that the adsorbent gas
was an ideal gas adsorbed onto an idealised surface. It was the first theoretically developed
adsorption isotherm and as such, many subsequent theories are either based on the Langmuir

equation or developed using the theory (Bansal, 2005).

. 4 bp
Equation 3-6: — =
Vin 1+bp

Where: V=volume of gaseous adsorbate adsorbed; V, = volume needed for single molecular

coverage of adsorbent; p=gaseous pressure and b=empirical constant.]
Equation 3-6 assumes that (Smisek and Cerny, 1970):

e The surface of the adsorbent is homogenous, with equal adsorbing sites equal; i.e., any
adsorbate particle striking the surface has the same probability of being adsorbed at any
site;

e There are no interactions between adsorbed molecules on adjacent sites;

e Each site accommodates only one adsorbate molecule and only a monolayer of molecules

form on the adsorbent surface.
For adsorption from solution:

X _ Qobce

Equation 3-7: =
m 1+bC,

Where: %:Amount of adsorbate adsorbed per unit of mass adsorbent; C. =Equilibrium

concentration of adsorbate; Q,= monolayer capacity of adsorbent.
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The linear form (Hameed and Rahman, 2008) of the Langmuir model can be represented by:

. Ce 1 Ce
Equation3-8: —x = — T —
(2) @b
m
Ce . . , . . 1 .
When —~ is plotted against C,, a straight line should result, possessing slope — and y-intercept,
E 0
ad Q
1
Qob

Reliable Qqvalues can only be obtained for Type | isotherms (Section 3.1) as mentioned by Faust and

Aly (1998) and these values represent the Langmuir monolayer capacity of the adsorbent.

The essential characteristics of the Langmuir isotherm can be given by a dimensionless separation

factor, R_(Hall et al., 1966) and is defined by:

1
1+bC,

Equation3-9: R; =

Where b=Langmuir constant and C,= highest phenol concentration (mg/l).

The value of R, determines whether the type of isotherm is favourable (0<R.<1), linear (R.=1),

unfavourable (R;>1) orirreversible (R,=0) (Hameed and Rahman, 2008).

3.4.3 The BET Model

The BET equation (Brunauer et al., 1940) was developed from Langmuir’s model and is used to

describe multilayer adsorption. It assumes that:

e Only the first layer of adsorbate molecules is bound by Van der Waal’s forces to the
adsorbent surface;
e Subsequent layers are not bound by Van der Waal’s forces and thus, have the same

properties as in a liquid state;
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e Heat of adsorption (of the adsorbate) is equal to the heat of condensation (of adsorbate) for
all layers above the first monolayer;
e and under saturation pressure, an unlimited (infinite) number of layers can be adsorbed

onto the adsorbent surface (Smisek and Cerny, 1970).

The BET equation is shown below:

Equation 3-10: — =—
Vim (1 PO)(l POI POC)
p pPY P

Equation 3-10 can then be re-arranged to form the linear equation:

P
po c-1P

V(l——) VinC VmCE

)
)
I
[y
_I_

Equation 3-11:

Where: P/P° = relative gas pressure; C= BET constant, related to the enthalpy of adsorption; V=

P
volume of gas adsorbed and V,,= volume of gas needed to form monolayer. A plot ofv(l”—op) against

poO
1

P . . . . . c-1 -
— should give a straight line with gradient equal to — and a y-axis intercept of —.
P VinC VinC

3.4.4 The t-plot

The t-plot analysis method was developed by Lippens and de Boer (1965) as a method of

distinguishing between mesoporous surface areas and microporous volumes.

The method consists of plotting the adsorption isotherm in terms of the volume of gas adsorbed
against the statistical film thickness, t. The statistical film thickness is the thickness of the layer of
gas; based on the assumption that gas molecules are adsorbed layer-by-layer until all available pores
are filled (Coulter, 1991). Figure 3-5 shows the four idealised scenarios that can occur when plotting

volume of gas adsorbed against film thickness, t.
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Volume Volume

adsorbed adsorbed
Non-porous Microporous
a b
Film thickness, t Film thickness, t
Volume Volume
adsorbed adsorbed

Mesoporous Micro- &
mesoporous
C d
Film thickness, t Film thickness, t

Figure 3-5: Idealised illustrations of t-plots obtained for (a) non-porous, (b) microporous, (c)

mesoporous and (d) micro- & mesoporous materials (Coulter, 1991).
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Linear Region Il

Volume adsorbed
X

Film thickness, t

Figure 3-6: A typical t-plot (Coulter, 1991). X is the point of origin of extrapolation from second linear

region.

Sing (1967) explained that the first linear region is due to the filling up of micropores and surface
coverage of larger pores; the second linear region is due to layer-by-layer filling taking place in the

meso- and macropores, but not in micropores.

To establish the micropore volume, a straight line is extrapolated from the second linear region to
the y-axis at point X (Merchant and Petrich, 1993). The value is then multiplied by the ratio of the
gas and liquid densities of the adsorbate (0.00156 for nitrogen) to obtain a value in cm® per gram of

solid (Coulter, 1991).

Meso- and macropore surface area is obtained by multiplying the slope of the second linear region
extended through the origin (Merchant and Petrich, 1993) by 15.47 to obtain a value in m? per gram
of solid (Coulter, 1991).

Total surface area, according to the t-plot is obtained by extrapolating the first linear region to origin

and multiplying the slope of this line by 15.47 to convert to m” per gram.
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It has been stated that the t-plot method is limited due to its reliance on the BET theory for
monolayer volume and is limited to adsorbents with a well defined Point B (Fowler, 1995). As such, it

will be used for comparison purposes only in this study.

3.5 Activated Carbons

Activated carbons (AC) is a term that includes a wide range of amorphous carbonaceous adsorbents
that exhibit a high degree of porosity and an extended inter-particulate surface area (Bansal, 2005).
Historically, activated carbons have been used by the ancient Egyptians for water purification and
medicinal purposes. In recent times, they were used for purifying drinking water through to purifying
sugar; from adsorbing phosgene gas during World War | to controlling odours in refrigerators.
Activated carbons are also administered to counteract certain kinds of ingested food poisoning by

adsorbing toxins (Marsh and Rodriguez-Reinoso, 2006).

Activated carbons are one of the most versatile materials in controlling pollution of water and gas
effluents. In 1995, it cost between US$0.70 and US$1.75 per kilogram (Marsh and Rodriguez-
Reinoso, 2006) with estimates of the worldwide sales of US$1 billion in 1997 (Humphrey and Keller,
1997) and worldwide usage is predicted to increase to 1.9 million tonnes in 2016 (Freedonia, 2012).
The per capita consumption of activated carbons per year is 0.5kg in Japan, 0.4kg in the US, 0.2kg in
Europe and 0.03kg in the rest of the world (Bansal, 2005) and as the rest of the world moves
towards better emission controls and cleaner water, usage of activated carbons will undoubtedly

increase.

3.5.1 The manufacture of activated carbons

Activated carbons are made by ‘carbonising’ a suitable feedstock such as coal or biomass and then
by ‘activating’ the char made during carbonisation. It may be produced as powdered activated
carbon (PAC) or granular activated carbon (GAC). PAC usually has particle size distributions such that
at least 80% is less than 44um (Faust and Aly, 1998), whilst GAC’s are between 0.5mm and 5mm
(Suhas et al., 2007). Suitable feedstocks usually have the following criteria (Marsh and Rodriguez-
Reinoso, 2006, loannidou and Zabaniotou, 2007, Bouchelta et al., 2008):

e Low inorganic matter content
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e Good availability and low cost

e (Consistency

e High carbon content

e Low degradation during storage

e Ease of activation.

3.5.2 Carbonisation

Carbonisation is the process of thermal degradation of a material in an inert atmosphere. It is also
known as pyrolysis and during the pyrolysis of biomass; the lignocellulosic components decompose
into the products formed (Gonzalez et al., 2003). These are a black solid known as char; a tarry liquid

known as bio-oil and synthesis gas or ‘syngas’.

The carbonisation process can be controlled by varying the temperature, heating rate or dwell (char
residence) time; resulting in varying the yields of the products formed. Generally, a low
carbonisation temperature (<500°C) and low heating rate favours the formation of char whereas a
high carbonisation temperature with a faster heating rate increases the vyield of the volatile
substances, as seen in Table 3.4. Table 3.4 also shows the yields of other products obtained from the
carbonisation of biomass. However, the definition of a “slow” heating rate versus a “fast” heating

rate is arbitrary.

Table 3.4: Comparison of product yields between low temperature pyrolysis (carbonisation) and fast

pyrolysis (Mohan et al., 2006).

Component Low temperature pyrolysis High temperature pyrolysis

(carbonisation)

Char yield (%) 35 12
Bio-oil yield (%) 30 75
Gas Yield (%) 35 13

In Figure 3-7, it can be seen that three steps occur: The initial phase of carbonisation starts from
temperatures up to approximately 200 C as (a) the feedstock is being dried. Above this temperature,
the biomass material begins to degrade, with the evolution of carbon monoxide, carbon dioxide and
acetic acid. Exothermic decomposition starts in the region of 200-300C, during which a considerable

amount of tar, methanol and other substances are formed (b). This is usually seen as an efflux of
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volatiles; in the form of cloudy gas being produced in the reactor. Consolidation of the char structure

occurs between 500-1000 C with a very small weight loss (c) and the biomass carbon content is

usually about 80% (Smisek and Cerny, 1970, Rodriguez-Reinoso and Molina-Sabio, 1992).
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Figure 3-7: Thermal analysis plot show the different stages of thermal decomposition of biomass in

nitrogen atmosphere. Starting temperature was 25°C.

3.5.2.1 Char

Carbonisation yields comparatively higher amounts of char than volatiles and is favoured by

processes requiring high char yields. It is formed by carbonisation and devolatilisation processes, as

previously mentioned in Section 3.5.2. The char can be used as a fuel source (Abdullah and Wu,

2009), soil amendment (Lehmann et al., 2006), liming agent (Fowles, 2007, Laird et al., 2009), carbon

sequestration agent (Laird, 2008, Fowles, 2007, Lal, 2004) and activated carbon precursor (Azargohar

et al., 2006, loannidou and Zabaniotou, 2007, Marsh and Rodriguez-Reinoso, 2006, Mohan et al.,

2006).
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3.5.2.2 Bio-oil

Bio-oil obtained from carbonisation reactions are a dark brown, mobile liquid with approximately
half the calorific value of transport fuels (Bridgwater et al., 1999, Czernik and Bridgwater, 2004).
They are a miscible, multi-component mixture of polar organics and water due to its formation
during depolymerisation and fragmentation reactions of lignin, cellulose and hemicellulose
(Bridgwater et al., 1999). Rapid quenching then solidifies the intermediate products of the pyrolysis
reaction, ensuring that no further reactions occur that might decrease yield (Mohan et al., 2006).
Bio-oils can be used as precursors for chemicals production, a substitute for fuel oil or diesel in
boilers, furnaces, engines and turbines for electricity generation (Mohan et al., 2006). Some key
differences between bio-oils and transport fuels are the high oxygen and water content of bio-oils;

both of which reduces the calorific content, making direct usage without modification difficult.

3.5.2.3 Syngas

Syngas is the non-condensable fraction of the carbonisation process and contains varying amounts
of hydrogen, carbon monoxide, carbon dioxide, methane and other low molecular weight
hydrocarbons. Most syngas produced is used for the synthesis of ammonia for fertiliser production.
It is also used as a source of hydrogen in oil refining processes and methanol production (Soetaert
and Vandamme, 2009). Another use of syngas is in the Fischer-Tropsch process, which uses syngas as

a feedstock to produce liquid hydrocarbons (Andre and Mark, 2004).

3.5.3 Degradation of lignocellulosic components during carbonisation

In the context of the lignocellulosic content of biomass, Kucuk and Demirbas (1993) observed that
hemicelluloses are the first component to break down during carbonisation at temperatures
between 197-257°C, celluloses at 237-347°C and lignin at 277-497°C. However, Yang et al. (2007)
noted that in their experiments using a thermogravimetric analyser (TGA) that hemicellulose
decomposes between 220-315°C, cellulose decomposes between 315-400°C and lignin decomposes
over a wide range of temperatures; from 100-900°C as observed in Figure 3-8. This was explained by
different inherent structures and chemical nature of the 3 components (McKendry, 2002):
Hemicellulose was found to contain more C=0 bonds; cellulose had higher contents of OH and C-O

bonds and lignin had more methoxyl-O-CH; groups (Yang et al., 2007).
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Figure 3-8: Thermal degradation of hemicellulose, cellulose and lignin in nitrogen atmosphere (Yang

et al., 2007).

Cellulose degrades via two main different pathways. The first pathway, which occurs at the lower

temperature range (<300°C) includes:

e Bond scission

e Production of free radicals

e Elimination of water forming anhydrocellulose

e Formation of carbonyl, carboxyl and hydroperoxide group
e Evolution of carbon monoxide and carbon dioxide

e Production of charred residue.

The formation of anhydrocellulose at <300°C gives a higher bio-char yield. This is also influenced by
the heating rate; if the heating rate is very high, the residence time of the biomass at temperatures
<300°C is insignificant. This gives less time for dehydration reactions and for the formation of

anhydrocellulose, decreasing char yield (Demirbas, 2004).
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The second pathway occurs at temperatures above 300C, where the remaining cellulose is
decomposed into a tarry pyrolysate containing levoglucosan, other anhydroglucose compounds,

randomly linked oligosaccharide and glucose decomposition products (Shafizadeh, 1982).

Hemicellulose is believed to thermally decompose into water-soluble fragments and very short
molecular units, which then decompose into volatiles, resulting in more volatile products and less

char than cellulose (Soltes and Elder, 1981).

At lower carbonisation temperatures (120-300 C), the weak bonds between the lignin molecules are
cleaved. Examples are cleaving of OH functional group linked to B or y carbons, releasing water;
cleaving of B-y carbon bonds to form formaldehydes and breaking of aryl ether linkages to yield
monomeric phenols. At temperatures higher than 500 C, aromatic ring cracking and condensation

occurs, releasing hydrogen (Pandey and Kim, 2011).

Lignin has been suggested as the main component responsible for most of the char produced during
carbonisation (Zanzi et al., 2002, Gonzalez et al., 2003) whereas cellulose and hemicellulose produce

mainly volatile matter (Reed and Williams, 2004).

The thermal degradation rates of the lignocellulosic components in biomass are as follows (Demirbas

and Arin, 2002, Demirbas, 2004, Babu, 2008):

Hemicellulose > Cellulose > Lignin

The quality and form of the char will determine the final properties of the activated carbon (Fowler,
1995). The chemical reactions proceed in a manner that produces the most energetically stable
molecule. For aliphatic molecules, as the chain length increase; the molecule tends to be less stable
whereas for aromatic molecules, stability is increased with increasing aromatic rings (Fitzer et al.,

1971). This implies that carbonisation will increase the aromatic bulk of the molecule (Fowler, 1995).

During carbonisation, most of the hydrogen, nitrogen, oxygen and sulphur atoms are removed in
gaseous form due to the pyrolytic decomposition of the feedstock (in a process known as
devolatilisation) and the ‘freed’ carbon atoms are re-arranged into crystalline structures known as
elementary graphitic crystallites, resulting in a relatively “purer” carbon form (Lima et al., 2009). The

arrangement of the crystalline structure is irregular and as such, tarry substances produced during
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pyrolysis fill and block the interstitial spaces in between the carbon atoms. This results in char with
poor adsorption capabilities (Smisek and Cerny, 1970). In order to obtain a char of improved surface

area and porosity, it must be ‘activated’.

3.5.4 Activation methods

There are two methods of activating a char: chemical activation and physical activation. Both
methods involve the use of an activating agent to increase the porosity of the char, resulting in a

large surface area.

3.5.4.1 Chemical Activation

Chemical activation involves the use of an agent which influences the course of pyrolysis;
dehydrating the carbon precursor, keeping tar formation to a minimum, increasing the
aromatisation processes of carbonisation (Smi$ek and Cerny, 1970, Bansal et al., 1988, Williams and
Reed, 2006) and in doing so, prevents the blockage of interstitial pore space in the carbon.
Commonly-used activating agents are zinc chloride, potassium hydroxide/carbonate and phosphoric

acid (Marsh and Rodriguez-Reinoso, 2006).

The activating agent is mixed with the precursor and the mixture is reacted at an elevated
temperature in an inert atmosphere. Once activation has been completed, the activating agent must
be removed from the activated carbon before usage. This usually involves washing with acids to

remove the un-reacted chemicals (Molina-Sabio and Rodriguez-Reinoso, 2004).

Chemical activation allows the use of lower reaction temperatures (when compared to physical
activation) and both carbonisation and activation is able to occur simultaneously. As with
carbonisation, reaction temperature plays a role in the extent of activation. Moreover, an important
factor to consider during chemical activation is the degree of impregnation; the weight ratio of

activating agent to precursor.

Due to the fact that chemical activation is able to occur at lower temperatures; at times and often at
temperatures below which complete carbonisation occurs, the chemical composition of chemically
activated carbons fall between those of the precursor and the char (without activation) (Marsh and

Rodriguez-Reinoso, 2006).
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3.5.4.2 Physical activation

Physical activation is a two-stage process, first involving the carbonisation of the feedstock and after,
activation of the produced char. The physical activating agent is introduced at high reaction
temperatures (usually between 800 C and 1000 C) (Mui et al., 2004), reacting with the tar and

disorganised carbon; exposing the elementary crystallites to further action by the activating agent.

Common activating agents are steam, carbon dioxide and oxygen (Molina-Sabio et al., 1996,
Rodriguez-Reinoso et al., 1995, Rodriguez-Reinoso et al., 2000). The reaction between the char and
the mentioned agents is often referred to as gasification and it is often carried out at 800-1000°C,

depending on the activating agent used.

Oxygen reacts exothermically with the carbon, hence reaction rates are difficult to control and this
just consumes the carbon material without increasing porosity (Marsh and Rodriguez-Reinoso,
2006). Reactions with steam and carbon dioxide are endothermic and easier to control. However,
this requires the application of direct heating to the reaction to drive the CO, (Equation 3-12) or

steam (Equation 3-13) activation process.
Equation 3-12: C + C0O, — 2C0 AH = +159%

Equation 3-13: C + H,0 — CO + H, AH = +117%

Due to the high temperatures used during gasification, the water gas shift reaction (Equation 3-14),

which is catalysed by the carbon surface, is at equilibrium (Marsh and Rodriguez-Reinoso, 2006).
Equation 3-14: CO + H,0 & CO, + H, AH = —41%

During physical activation, the char carbon structure reacts with the activating agent, resulting in

mass losses as the reaction progresses. The difference in mass between the char and the resulting

activated carbon; expressed as a percentage is termed “burn-off” (Chang et al., 2000, Williams and

Besler, 1996).
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In the steam activation of char, activation proceeds by micropore formation and is followed by pore
enlargement as the steam reacts with the carbon (Williams and Reed, 2006). These include the
opening of inaccessible pores through removal of tars and disorganised carbon, which is suggested
to be complete after about 10% burn-off (Marsh and Rodriguez-Reinoso, 2006). At 50% burn-off,
selective activation creates new pores in the carbon structure (Williams and Reed, 2006). The extent
of microporosity development also depends on the precursor (Stoeckli and Ballerini, 1991, Gergova

etal., 1994).

Gergova et al. (1994) made a study in comparing the porosity produced during steam activation of
pure lignin and cellulose and observed that lignin carbons had higher total pore volume compared to
cellulose carbons and that cellulose carbons contained almost equal volumes of micro- and
macropores. This behaviour is only indicative of pure lignin and cellulose chars and in biomass, the
activation behaviour is most likely to change. The workers did suggest that from these results, it is
apparent that differences in lignin and cellulose content of the precursors to activated carbons may

influence the porous structure of the produced activated carbons.

Reed and Williams (2004) have also concluded that characteristics of produced activated carbons are
influenced by their feedstock, with materials having high lignin contents producing the most char
and subsequent activated carbon yield. Biomass with high lignin contents also makes activated

carbons with the highest micropore surface area in their study.

In general, a higher degree of burn-off leads to higher surface areas and less AC yield. Steam
activation is known to widen the microporosity of char precursors more than CO,, yielding activated
carbons with a micro- and mesoporous structure (Tennant and Mazyck, 2003, Gonzalez et al., 1994,
Molina-Sabio et al., 1996). The porous structure of the activated carbon also dependant on the

biomass precursor used (Dias et al., 2007).

3.5.5 Physical Structure of activated carbon surface

Activated carbons have a microcrystalline structure that builds up during carbonisation. It has
parallel layers of hexagonal carbon atom rings, as in graphite but is less ordered, termed
“turbostratic’ by Bisco and Warrens (1942) and seen in Figure 3-9. The disorder is caused by the
presences of heteroatoms such as oxygen and hydrogen and by defects such as vacant lattice sites in

the activated carbon structure (Marsh and Rodriguez-Reinoso, 2006, Bansal, 2005).
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Figure 3-9: Comparison of three-dimensional crystal lattice of graphite (a) and (b) the turbostratic

structure (Bokros, 1969).

3.5.6 Chemical structure of the activated carbon surface

The adsorption capacity of activated carbons is not only determined by its physical (porous)
structure, but is also strongly influenced by its chemical structure. The chemical structure is usually
associated with the considerable amounts of oxygen and hydrogen present in the carbon lattice.
Additionally, there are also bonded sulphur, nitrogen and halogen atoms. These heteroatoms
originate from the feedstock and become part of the chemical structure during impartial

carbonisation or during activation (Bansal, 2005).

X-ray diffraction studies have shown that the heteroatoms give rise to C-O, C-H, C-N, C-S and C-
halogen surface compounds, called surface groups or surface complexes and these compounds
modify the surface characteristics and properties of the activated carbons (Marsh and Rodriguez-
Reinoso, 2006). From these surface groups, C-O groups are the most important as they influence
characteristics such as wettability, polarity and acidity; physico-chemical properties such as catalytic,
electrical and chemical reactivity are also affected (Bansal et al., 1988, Marsh and Rodriguez-

Reinoso, 2006).

Steenberg (1944) proposed the term ‘H’-activated carbons for carbons that contain basic surface
groups and ‘L’-activated carbons for those that contain acidic groups. The acidic surface groups are

formed when carbon is treated with oxygen at temperatures up to 400 C or by using oxidising agents
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at room temperature. These acidic surface groups are thermally less stable and can decompose on
heat treating in a vacuum or in an inert atmosphere between 350 and 750°C to evolve CO,. The
acidic surface groups are responsible for the hydrophilic and polar nature of the carbon; and are

postulated to be carboxylic, lactone and phenolic groups (Bansal, 2005).

The basic surface group are less well-characterised and are obtained when a carbon surface, freed of
all oxygen groups by heat treatment in vacuum or in an inert atmosphere at 1000°C, is contacted
with oxygen after cooling. A pyrone-type structure has been proposed by Garten et al. (1957), which

has been referred to as a chromene structure. This is seen in Figure 3-10.
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Figure 3-10: Functional groups of basic character: (a) chromene (Garten et al., 1957) (b) pyrone-like

(Boehm, 1966).

More research is needed before an agreed structure for the basic surface groups of activated

carbons can be accepted (Bansal, 2005).

3.6 Steam activation of waste biomass

Waste biomass has been documented as precursors for AC production with high adsorption
capacities, considerable mechanical strength and low ash content (loannidou and Zabaniotou, 2007).
Rice husks, corn cobs, olive residues, sunflower shells, pine cones, rape seeds and cotton residues
were some of the waste biomass activated using steam (Haykiri-Acma et al., 2006, El-Hendawy et al.,
2001, Malik, 2003). Carbonisation temperatures used ranged from 400°C to 850°C whereas
activation ranged between 600°C to 900°C. Corn cob AC was observed to reach surface areas of 1315
m’/g and were microporous (Chang et al., 2000) whereas steam was observed to more effective
than CO, activation by Lussier et al. (1994). Work done by Bacaoui et al. (2001) determined that olive

cakes made the best AC when activated at 822°C for 68mins.
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These waste biomass AC have been used to remove different dyes, herbicides, heavy metals and
volatile organic compounds (Dias et al., 2007). It was shown that AC prepared from waste biomass
removed significant amounts of dyes, Hg (ll) and Ni (ll) quicker than conventional methods of
removal such as precipitation and coagulation (Kadirvelu et al., 2003). As a result, it is apparent that
the steam activation of waste biomass has been proven to be effective in producing high surface

area AC.

3.7 Applications of activated carbons

Activated carbon is a popular, worldwide commodity and estimated consumption stood at 750,000
tonnes per annum and is expected to increase due to increasing concern over environmental

pollutants (Roskill Information Services Ltd., 2003).

Activated carbons are selected, depending on their characteristics to remove unwanted odours,
colours and components from foodstuffs. In liquid-phase usage, they are used to remove colour,
taste or odours from a solution or to concentrate or remove a solute from solution. In gas-phase
applications, they are used to purify gas or air streams through the adsorption of contaminants

(Roskill Information Services Ltd., 2003).

Some examples of activated carbon applications are (Bansal, 2005):

e preparation of alcoholic beverages

e decolourisation of oils and fats (used in conjunction with bleaching clays)
e decolourisation of sugar

e decolourisation of organic components in chemicals and pharmaceuticals
e recovery of gold

e refining of liquid fuels

e removal of contaminants from exhaust gases

e removal of toxins from human body.
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3.8 Summary

Current waste biomass management strategies relate to disposal into landfill (and to a lesser extent,
composting) with little scope for re-use, although energy recovery is being slowly adopted (DEFRA,
2008). However, with the introduction of the Landfill Regulations, waste biomass disposal to landfill
is actively discouraged, particularly because of its biodegradability and contributing GHGs. The
Landfill Tax acts as a deterrent to landfill disposal and also as an incentive for the development of

alternative routes of disposal, particularly recovery and re-use.

Green waste, also known as garden waste, generally consists of biodegradable plant material as well
as the occasional food and kitchen waste. It is converted into compost, a low-cost dark brown soil
conditioner. Composting is being actively encouraged as a means of reducing biodegradable waste
sent to landfill. However, composting is also a source of methane, a potent GHG (Jackel et al., 2005,
Hellebrand, 1998, Beck-Friis et al., 2000). Composting also takes a relatively long time (4-6 weeks) to
stabilise GW and depending on the type of composting, requires either a lot of space or high capital

expenditure or both.

Japanese knotweed is an invasive plant species in the UK introduced during Victorian times and has
invaded much of the UK country side. It reduces biodiversity wherever it is found, by outcompeting
native flora and disrupting native fauna. It also causes damage to the built environment by breaking
thorough asphalt, destroying flood defences, etc. Current control methods require labour, time and
chemicals; and ultimately, the waste biomass will still be disposed into a landfill if it cannot be burnt

or buried on site.

One of the main disadvantages of the current disposal options for waste biomass is that the final
product (if any) has little or no value and its treatment may have an impact upon the environment
and thus, there exists an opportunity to exploit that outcome. Valorisation of waste biomass can be
achieved by using activated carbon conversion technology. This can also be seen as an alternative
disposal route, a decrease in reliance on landfill disposal and as a result, move the waste up the

waste hierarchy.

The conversion of waste biomass into activated biomass is being investigated in this research to
determine its capabilities in adsorption. This prevents the waste biomass from being disposed in an

unsustainable way e.g., into landfill. Additionally, during the manufacture of activated carbon from
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waste biomass feedstock, the conversion of this carbonaceous feedstock sequesters the
anthropogenic carbon incorporated in the biomass during its growth as char and ultimately,
activated carbon, which is a relatively stable form of carbon. This prevents the release of CO, during
natural decomposition of the waste biomass and further reducing the long-term impact of its

disposal.

Activated carbons are highly porous, carbonaceous materials (Smi$ek and Cerny, 1970) used in both
liquid and gas purification processes (Marsh and Rodriguez-Reinoso, 2006). They can be made from
carbonaceous material such as coal, peat or lignite but these feedstocks are non-renewable. Current
research is investigating utilising waste biomass as a precursor for activated carbons (Karagoz et al.,
2008, Tay, 2009, Rengaraj et al., 2002) as it is renewable, widely-available, cheap (Karagoz et al.,
2008, loannidou and Zabaniotou, 2007) ,sustainable and as a means of reusing the waste biomass

(Amaya et al., 2007).

In order to explain the adsorption process, this research will rely on the theories previously

discussed in Section 3.4.

The conversion of waste biomass to activated carbons was chosen because:

o The conversion technology is simple to apply,

e The infrastructure is already available without needing further investment or modification,

e Demand for activated carbons is increasing,

e Conversion to activated carbon is a form of carbon storage, where carbon from the biomass is
concentrated (stored) in the activated carbon,

e It can be aviable, alternative disposal route for waste biomass; i.e., diversion from landfill,

e The high cost of manufacturing activated carbons could be offset with a cheap and widely-
available precursor,

e The product can be of high value and of beneficial use as a pollution control agent.
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Chapter 4. Aim and Objectives

4.1 Overall aim of the research

This project aims to investigate the feasibility of converting waste biomass (green waste and
Japanese knotweed) into a high surface area adsorbent while simultaneously moving the
management of waste biomass up the waste hierarchy, from disposal to reuse and recovery. This
involves conducting research to investigate the potential of making activated carbons from the
mentioned waste biomass as well as examine the effectiveness of the produced activated carbons in
line with industry standards to ensure compatibility and demonstrating its application and

effectiveness compared to a commercial benchmark activated carbon.

4.2 Objectives

Two waste biomass feedstocks, green waste and Japanese knotweed will be subjected to screening

tests to assess their suitability for conversion into activated carbons using steam activation.

Preliminary characterisation tests will be carried out on the two different samples and these will
include ash content analysis, elemental analysis and moisture content analysis. The goal is to select
the best feedstock out of the two for steam activation and to determine the optimum conditions to

produce activated carbons with the highest surface area.

The following objectives are set out:

e Characterisation and preparation of sample feedstock,

e Determination of optimal conditions for batch carbonisation of both types of feedstock,

e Steam activation of produced feedstock char using lab-scale rotary furnace at different
activating conditions,

e Conducting standard tests according to international and/or peer-reviewed methods,

e The comparison of results between different activated carbons,

e Application testing of optimised activated carbons with the highest surface areas,

e Comparison of adsorptive properties of produced activated carbons with a commercial-grade

carbon.
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Chapter 5. Characterisation of waste biomass (GW, JKWS and JKWR)

5.1 Introduction

A comprehensive characterisation of the waste biomass (GW, JKWS and JKWR) was carried out and

the physical and chemical properties determined included:

e Lignocellulosic content
e Moisture content

e Ash content

e Proximate analysis

e Ultimate analysis

e Calorific value
The tests would give an indication of the suitability of the waste biomass as precursors. The ash and

carbon content were of particular significance as they affect the characteristics of the activated

carbons produced (Gergova et al., 1994).
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5.2 Materials

Green waste (GW) and Japanese knotweed samples were obtained from Cornwall. The GW samples
were partly composted which can be seen in Figure 5-1, with high moisture content. The samples
also had a smell reminiscent of rotting vegetation. The as-received samples of JKW stem and
rhizome are shown in Figure 5-2. The rhizomes were caked in fresh, moist soil and the stems had

high water content.

Figure 5-1: As-received green waste sample.
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Figure 5-2: (a) Japanese knotweed rhizome crown with soil, caked in between roots and (b) Japanese

knotweed stems.

The oven-dried JKWR and JKWS are shown in Figure 5-3.

Figure 5-3: (a) JKWR air-dried without soil and (b) oven-dried JKWS.
JKWR crowns were cut into smaller pieces using a band saw whereas JKWS pieces wore broken

manually by hand. These samples are shown in Figure 5-4 . The particle sizes were reduced so that it

would fit into the cross-beater mill.
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Figure 5-4: (a) JKWR pieces cut by band saw (b) JKWS pieces broken by hand.

The photographs shown in Figure 5-5 shows the milled samples which are <10mm and sieved to

<2mm.

Figure 5-5: (a) JKWR and (b) JKWS after going through the cross-beater mill with 10mm pre-breaker

plates.

5.3 Methods

5.3.1 Size reduction
Size reduction of the as-received waste biomass samples were needed prior to characterisation and

carbonisation in order to ensure that they fit in the quartz reactor used for carbonisation and steam

activation.
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The GW and JKWS samples were oven-dried whereas JKWR samples were first air-dried to enable

the soil to dry out and removed by wire brushing the rhizome pieces.

Once dried, JKWS samples were broken by hand into 30-50mm sizes whereas GW samples did not
require this step. JKWR samples were more difficult to reduce in size. The large rhizome crowns had

to be cut using a band saw into 30-50mm sizes.

All size-reduced samples were crushed in a Glen Creston cross beater mill (Glen Creston Ltd.,

London, UK) with a 10mm pre-breaker plate.

5.3.2 Moisture content

Moisture content (MC) was determined in triplicate using ASTM Method D4442-07 (ASTM, 2007b).
Samples were oven-dried at 105°C for at least 24 hours or until there was no further weight change.
The oven used was a Gallenkamp Size 2 Hotbox oven (Weiss-Gallenkamp, Loughborough, UK).
Samples were allowed to cool in a desiccator before weighing to avoid re-adsorption of moisture

from the atmosphere.

The moisture content was calculated using Equation 5-1:

Equation 5-1:  MC, % = (“‘%’) x 100

Where: A= original mass in g and B= oven-dried mass in g.

5.3.3 Lignocellulosic content

The lignocellulosic content of the waste biomass samples were carried out in triplicate according to
ASTM Method D1106-96 (2007) for lignin (ASTM, 1996a) and ASTM Method D1109-84 (2007) (ASTM,

1984) for hemicellulose.

In determining lignin content, the waste biomass is hydrolysed with strong acids, leaving the
insoluble lignin as a residue. The sample is first extracted by ethanol-toluene using Soxhlet

extraction apparatus to remove waxes, fats, resins and some gums. The residue is then hydrolysed
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using 72% sulphuric acid (Analar grade), washed with distilled water, filtered, dried and weighed to

determine lignin content.

Hot alkali extracts low molecular weight carbohydrates consisting mainly of hemicelluloses and
degraded cellulose in biomass (ASTM, 1984). The sample is boiled in a beaker of 1% sodium
hydroxide (Analar grade), using a water bath to maintain the temperature. The sample is then
filtered, washed, dried and weighed. The hemicellulose content is determined according to Equation
5-2:

Wy -W,

Equation 5-2: ———=Xx 100
w.

1

Where: W,= weight of moisture-free sample and W,= weight of dried sample after treatment with

NaOH.

The cellulose content is determined by subtracting the lignin, hemicellulose and ash contents from

the total sample weight.

5.3.4 Ash content

The ash content of the waste biomass was determined according to ASTM Method D1102-84(2007)
(ASTM, 2007a). The ash content of a precursor is important in determining its suitability as a

feedstock for activated carbon (Marsh and Rodriguez-Reinoso, 2006).

Pre-dried samples were weighed and placed in pre-ignited porcelain crucibles with lids. These were
then placed into a muffle furnace and heated slowly to 600°C to avoid flaming and lids were used to
protect the sample inside the crucible from strong drafts. The muffle furnace used was a Gallenkamp

Size 2 muffle furnace.
Samples were left in the furnace until all carbonaceous material was burnt off and only inorganic ash
was left. The crucibles were allowed to cool to room temperature in desiccators before being

weighed.

The ash content of the sample was calculated using Equation 5-3.
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Equation 5-3:  Ash,% = % X 100
2

Where: W;= weight of ash and W,= weight of oven-dried sample.

5.3.5 Thermal Analysis using TGA

Thermal analysis of the biomass samples and subsequent char samples was conducted using a
Rheometric Scientific STA 1500. Thermal analysis involves measuring the weight changes as a sample
is heated in an inert/non-inert atmosphere. This is termed thermo-gravimetric analysis (TGA). TGA

also refers to the instrument, the thermo-gravimetric analyser.

The plot of weight change versus temperature is known as a thermogravimetric (TG) plot and its
derivative is known as a DTG (derivative thermogravimetric) plot. The common procedure involves
placing the sample in a crucible and placing the crucible on a high precision microbalance, which
records the weight changes during heating of the furnace. This gives a TG plot for the sample and

the DTG is determined by the software.

The STA 1500 thermal analyser also makes use of a technique called Differential Scanning
Calorimetry (DSC). DSC makes use of a crucible containing an inert reference material in addition to
the sample crucible. The difference in temperature between the two crucibles and the amount of
energy needed to heat either crucible is measured. This allows the determination of an endothermic
or exothermic reaction. A negative heat flow value indicates that the sample temperature has
decreased due to an endothermic reaction and that heat was supplied to the sample crucible
whereas a positive heat flow indicates that the sample temperature increased due to an exothermic

reaction and that heat flow was supplied to the reference crucible (Beshara, 2010).

Alumina crucibles of ca. 4.5mm diameter were used. Nitrogen was used as the inert atmosphere and
air was used for a reactive atmosphere. All samples to be tested were ground and sieved to < 500um
to homogenise the samples. For the purposes of this project, the TG analysis was of more

importance than the DSC analysis.

The TGA was used to perform initial tests on the thermal degradation behaviour of the samples in an

inert atmosphere. Flow rate was set to 50 ml/min. The TGA was used to determine the temperature
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of the onset of biomass degradation and the temperature at which maximum weight loss occurred.

It was also used to determine the proximate analyses of the samples.

Proximate analysis gives the moisture content, volatile matter, fixed carbon and ash contents of the
sample (Robinson et al., 2010). The TGA allows for small samples to be used and the results can be

used to design experiments based on the thermal characteristics of the feedstock samples.

The parameters for proximate analysis using the thermal analyser are as follows:

e Heating the sample to 105°C in an inert atmosphere initially to drive off the moisture,

e The temperature of the furnace is then increased to 950°C to determine the volatile matter

content of the sample,

e The furnace is allowed to cool down to 600°C where the inert atmosphere is substituted for
an oxidising atmosphere (air/oxygen); allowing for combustion and therefore, the

determination of the fixed carbon and ash contents.

The method for proximate analysis as described was taken from Robinson et al. (2010), who

modified ASTM Method E870-82.

The fixed carbon content, as given by the proximate analysis of biomass, indicates the amount of
non-volatiles carbon available that is not converted into bio-oils and syngas, which should end up in
the char and finally, the activated carbon. The volatiles content gives us the expected total yield of

bio-oil and syngas.

5.3.6 CHNS analysis

CHNS (carbon-hydrogen-nitrogen-sulphur) was performed by an external laboratory, MEDAC Ltd. in
Surrey UK. This test was done by combustion analysis where the samples are flash combusted with
the help of oxidation catalysts at 900°C and the combustion products are analysed using a
chromatographic column where the individual components are separated and eluted as nitrogen,

carbon dioxide, water and sulphur dioxide to determine the concentrations of C, H, N & S in the
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sample (MEDAC Ltd., 2007). The oxygen content is determined by difference, based on the

assumption that the sample only contained CHNS and O including incombustible inorganic minerals.

5.4 Results

5.4.1 Moisture content

The intrinsic moisture content (MC) of the waste biomass is shown in Table 5.1 along with standard
deviation (SD) values. Both JKWS and GW showed higher MC values than JKWR but similar to other

types of waste biomass, as depicted in Table 5.1.

Table 5.1: Moisture content of GW, JKWS and JKWR compared to other different types of waste

biomass. Data obtained from loannidou and Zabaniotou (2007). SD values determined from 3

measurements.
Types of waste biomass Moisture content (%) SD (%)
GW 56.5 2.3
JKWS 60.4 2.9
JKWR 8.1 0.3
Olive tree prunings 7.1 -
Cherry tree prunings 40 -
Sugar beet leaves 75 -
Barley straw 15 -
Peach tree prunings 40 -

It is apparent that most waste biomass which consists of leaves and stalks has higher moisture
content. This could be an effect of the prevailing weather conditions during harvesting on the overall

biomass moisture content (McKendry, 2002) as well as the observed mesic stems and leaves of JKW.
The issue with feedstock that contain high moisture is that more energy is required for the sample to

reach a suitable temperature for carbonisation, due to the additional energy needed to vaporise the

water before carbonisation reactions will occur.
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5.4.2 CHNS and ash content

It can be observed in Table 5.2, it can be seen that the CHNS contents of JKWS and JKWR are similar
to other types of waste biomass found in literature. However, GW exhibits very low C and H values
whilst having a very high amount of ash (58.73%). Similar ash content results in green waste have
also be observed and have been attributed to soil content of the green waste (Andersen et al.,

2010).

Table 5.2: CHNS values of GW, JKWS and JKWR compared to those of other waste biomass found in

literature (loannidou and Zabaniotou, 2007).

Waste biomass C (%) H (%) N (%) S (%) O (%)* C:Nratio Ash (%)
GW 19.52 2.54 1.40 0.00 17.81 139 58.73
JKWS 45.70 5.68 0.63 0.37 45.83 73.5 1.56
JKWR 46.30 5.36 1.62 1.12 44.62 28.2 4.43
Olive tree prunings | 49.90 6.00 0.70 n/a 43.40 71.3 4.75
Barley straw 46.80 5.53 0.41 0.06 41.90 114.1 4.90
Peach tree prunings | 53.00 5.90 0.32 0.05 39.10 165.6 1.00

* Oxygen content determined by difference.

The sulphur content of both JKWS and JKWR are unusually high for biomass, especially the values for
JKWR. It is known that in its native habitat of Japan, JKW can be found growing on volcanic slopes as
mentioned in Section 2.2. The high sulphur content of the obtained JKW samples is most likely due
to the fact that the samples were harvested from the vicinity of old tin mines and smelters near
Redruth in Cornwall, where it can tolerate the high sulphur content of the surrounding soils. The
sulphur was released into the surrounding areas as a result of the smelting of the tin ores (Sturgess,

2001).

Also presented in Table 5.2, are the ash contents of GW, JKWS and JKWR compared to other waste
biomass examples. Ash is considered a diluent in activated carbon as it has little potential as an
adsorbent and has been shown to inhibit surface area development (Valix et al., 2004). It has also
been suggested that inorganics may fill or block some portions of existing micropore volume which
may help explain the low surface area observed in carbons with high ash content (Pendyal et al.,
1999, Rodriguez-Mirasol et al., 1993). As a result, any waste biomass with high ash contents are not

recommended for activation.
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The C:N ratio is a factor which affects the time course and rate of composting. As composting

progresses, the C:N ratio falls as seen in Figure 5-6.

pH C:N

Temperature

- 30

Temperature (°C)

Composting

Figure 5-6: Changes in pH, C:N ratio and temperature during composting (Lester et al., 1999).

It can be inferred from Figure 5-6 that the GW received for this project was in the later stages of
degradation i.e., it stable and mature as evident by the C:N ratio of 13.9 as observed by Andersen et
al. (2010) and Confesor et al. (2008). The low C:N ratio will have negative implications for the

activated carbons produced from this precursor; essentially due to the lack of carbon for pore-

forming processes that occur during steam activation.

5.4.3 Lignocellulosic content

The combination of lignin, cellulose and hemicellulose gives the biomass its characteristics and

affects its behaviour during carbonisation and activation. The lignocellulosic contents of the waste

biomass used in this project are shown in Table 5.3.
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Table 5.3: Lignocellulosic contents of GW, JKWS and JKWR compared to other waste biomass. Data
obtained from Basso et al. (2002) and Butterman and Castaldi (2010).

Waste Lignin (%) Hemicellulose  Cellulose (%)* Holocellulose® Ash (%)
biomass (%) (%)

GW 26+1.3 304+1.2 83+23 329 58.7+0.9
JKWS 19.9+0.9 46.7+2.1 31.8+1.2 78.5 1.6+0.03
JKWR 21.2+0.8 249+0.9 524+1.6 77.3 44+0.1

Olive husk 50.6 24.2 25.2 49.4 -
Corncob 15.5 32.5 52.0 84.5 -
Tea waste 435 23.3 33.2 56.5 -
Peanut shell 30.0 19.0 36.0 55.0 -

*Cellulose content determined by difference. *calculated from addition of hemicellulose and

cellulose contents.

JKWR and JKWS show very similar lignin contents, which is not surprising as they are just two
different parts of a same plant. They both also have similar holocellulose content, responsible for
volatiles production during carbonisation. The holocellulose content is the total amount of

hemicellulose and cellulose.

GW has very low lignin content and low holocellulose content. This suggests that during
carbonisation, there will be less char produced as a result of the relatively low lignin content and
high holocellulose content. Additionally, the SD values of the lignocellulosic content of GW are very
high, indicating a high degree on heterogeneity in the sample stock. For example, the SD value of the
GW lignin content is 1.3%, which equates to a RSD value of 50%. GW cellulose content has SD value

of 2.3% and a RSD value of 27.7%.

The cellulose to lignin ratio (C/L) has been used to distinguish between fresh and mature wastes in
landfills and can be used to determine the maturity of compost. These can vary from 0.16-0.8 for
mature wastes and up to 4.04 for fresh wastes (Komilis and Ham, 2003). Most wastes that have
reached their extent of degradation show a C/L ratio of less than 0.5 at the end of the composting
process. The profile of the ratio is explained by the fact that cellulose loss is greater than that of

lignin during composting.

The GW sampled in this project has a C/L ratio of 3.2, indicating that it is relatively fresh. However,
this does not correlate to visual examination of the sample (Figure 5-1) as well as the C:N ratio in
Section 5.4.2. Further examination of literature shows that high C/L values were recorded for food

wastes and wastes mixed with office paper. Furthermore, green waste streams mixed with branches
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can inflate C/L ratios due to the low cellulose content and high lignin content of this material
(Komilis and Ham, 2003). This is evident in Figure 5-1. Grass, which has a relatively high C/L starting
ratio, could also influence the overall C/L ratio of GW as it makes up the majority of the waste. Both

scenarios were the cause of high C/L ratio of the GW samples received for this project.
As previously mentioned in Section 3.5.3, biomass with high lignin and cellulose contents produce

more char during carbonisation and judging from the data presented in Table 5.3, the hypothesis is

that JKWR will produce marginally more char than JKWS.

5.4.4 Thermal analysis using TGA

The different components of biomass display different thermal properties and the thermal

properties of the aggregate represents the sum of its major organic components (Shafizadeh, 1982).

5.4.4.1 Thermal degradation behaviour

The thermal degradation of the 3 waste biomass samples in nitrogen is shown in Figure 5-7. As the
sample crucible is very small, samples were ground and sieved to <500um to improve homogeneity
as previously mentioned in Section 5.3.5. A low heating rate of 1°C/min was selected to have a high

resolution of the weight loss points that occurred during the thermal degradation in nitrogen.
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Figure 5-7: TGA plot of GW, JKWS and JKWR at 1°C/min to 1000°C in nitrogen.

The initial weight loss is due to the evaporation of moisture contained in the samples. It can be seen
that the moisture losses are complete by 150°C for GW, 180°C for JKWS and 190°C for JKWR. The

difference in temperatures of moisture loss is due to the different moisture contents of the samples.

The onset of thermal decomposition starts at between 150°C and 200°C with the main thermal
degradation step observed at 300°C, where major devolatilisation occurs. This main weight loss is

completed by 380°C and further temperature increase only results in minor weight loss.

The char yield can be obtained from Figure 5-7 as it is the amount of sample remaining at the end of
the analysis. The char yield of GW at 1000°C is much higher than that of JKWS and JKWR, suggesting
that when activated, GW could produce higher yields. However, it is also known that the high char
yield is inflated, mainly due to the high ash content of GW as discussed in Section 5.4.2. JKWS had
marginally less yield than JKWR and this has to do with the lower lignocellulosic content and

marginally lower ash content of JKWS when compared to JKWR.

87



Figure 5-8 shows the DTG plots with respect to time (min) which give the rate of weight loss for GW,

JKWS and JKWR. It can be seen that JKWS showed greater devolatilisation rates when compared to
JKWR and GW.
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Figure 5-8: DTG plots of GW, JKWS and JKWR at 1°C/min to 1000°C in nitrogen.

From Figure 5-8, it is observed that devolatilisation reactions starts at 150°C, peaks at 300°C and
starts to level off at 350°C. The trend observed is typical of thermal degradation reactions of biomass
in a non-oxidising atmosphere. In this case, the degradation was carried out in nitrogen. At higher
temperatures (above 500°C), it can be seen that the devolatilisation rate plateaus, indicating the

completion of significant reactions and the commencement of carbon rearrangement reactions
which form char.

The devolatilisation rate of GW at 300°C is less than JKWS and JKWR, which can be attributed to the
lower holocelullosic (cellulose and hemicellulose) content as seen in Table 5.3 in Section 5.4.3. The
lower temperature DTG peak of JKWS and JKWR which starts at 200°C and ends at 250°C (seen as a
shoulder) is a result of the onset of decomposition of hemicellulose in nitrogen and the main higher
temperature peak at 300°C was mainly due to the decomposition of cellulose, which is thermally

more stable than hemicellulose (Williams and Besler, 1996). Lignin decomposes over a wide range of
temperatures and is indiscernible as a peak in the DTG plots.
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There is an agreement but not an exact correlation to observations in literature as pure cellulose and
hemicellulose decomposes at lower temperatures and there could be other inhibiting factors in the

complex biomass matrix (Williams and Besler, 1996).

5.4.4.2 Proximate analysis

The proximate analysis of JKWS using the STA 1500 thermal analyser is shown in Figure 5-9;
Where:

a) Moisture content,

b) Volatile matter content,

c) Fixed carbon content

d) Ash content.
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Figure 5-9: Proximate analysis plot for JKWS. (a)moisture content, (b) volatile matter content, (c)

fixed carbon content and (d) ash content.

The artefact between t=50min and t=60min on the weight change plot is due to the manual
selection of gases; from nitrogen to air. The pressure of the nitrogen line is dissimilar to that of the

air line and when switching over, causes the hangdown balance to oscillate slightly.
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The artefact at the same time on the temperature plot is due to the controller of the thermal

analyser, where it overcompensates as it heats the furnace to 600°C after cooling from 950°C.
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Figure 5-10: Proximate analysis plots of GW, JKWS and JKWR.

The proximate analysis plots of JKWS and JKWR show similar thermal degradation behaviour in

nitrogen and air. The GW plot indicates low fixed carbon content and high ash content, the latter as
previously mentioned in Section 5.4.2.

The fixed carbon content differs from the carbon content analysed by MEDAC Ltd. in Section 5.4.2
due to the manner in which they are determined. The sample undergoes complete combustion at

high temperatures during CHNS analysis and products are in gaseous form. This also takes the

carbon contained in the volatile matter into account.

During proximate analysis, the fixed carbon content does not include the carbon found in the volatile
matter, which is given off during pyrolysis up to 950°C under nitrogen. Therefore, the fixed carbon

content obtained during proximate analysis is a good indicator of the carbon amount that is

concentrated and sequestered in the final activated carbon product i.e., the carbon matrix.
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Table 5.4: Proximate analysis data of GW, JKWS and JKWR in comparison to other waste biomass.

Waste biomass | Moisture content Volatile matter Fixed carbon Ash content
(%) content (%) content (%) (%)

GW 3.240.3 32.5+3.3 2.8+2.0 61.5+4.1
JKWS 6.1+0.2 74.9+2.9 16.3+0.8 2.7+0.1
JKWR 1.910.1 70.5+3.9 21.2+1.0 6.4+0.2

Corncob n/a 85.0 13.6 1.0
Almond shell n/a 74.0 22.7 3.3
Hazelnut shell n/a 70.3 28.3 1.4
Wheat straw n/a 63 23.5 13.4

Wood bark n/a 66.6 31.8 1.6

* Other waste biomass data obtained from Demirbas (2003). SD obtained from 3 different

measurements.

The data obtained from proximate analysis (Table 5.4) shows close agreement with the previous
characterisation data presented in Sections 5.4.1, 5.4.2 and 5.4.3. The slight discrepancies in the
actual numbers can be attributed to the fact that samples used for the thermal analyser are much

smaller and hence, prone to higher relative error.

In comparison to some other examples of waste biomass, it is apparent that GW has very low
volatile matter and more importantly, low fixed carbon content. Research undertaken by Andersen
et al. (2010) in Denmark indicates that average volatiles content of stabilised and matured green
waste compost had an annual average of 23.2%. In comparison to GW used in the project, it can be
inferred that the GW samples obtained are close to maturity. This evidence can also be correlated to

the observations in Section 5.4.2.

The obtained data for GW also shows large variations and this can be attributed to its heterogeneity.
Furthermore, most of the fixed carbon will be oxidised during steam activation as steam is
particularly reactive, resulting in activated carbons with little or no carbon content, high ash content

and low surface areas.

JKWS and JKWR had 74.9% and 70.5% volatile matter respectively, which correlate closely to the
holocellulosic content (78.5% and 77.3%, respectively) of the two waste biomass samples, as can be

seen from data presented in Table 5.3 and Table 5.4. This is because the thermal degradation of
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cellulose and hemicellulose releases volatiles in gaseous form (Williams and Besler, 1996), seen as a
significant decrease in weight in Figure 5-10, between t=15min and t=55min. It can also be seen that
the lignin content of the waste biomass correlates positively with the fixed carbon content
(Demirbas, 2003), as determined by proximate analysis using the TGA when comparing data

between Table 5.3 and Table 5.4.

5.5 Summary

The selection of AC precursors is influenced by ash content, carbon content, availability; cost and

ease of activation (Chang et al., 2000, Dabrowski et al., 2005, Marsh and Rodriguez-Reinoso, 2006).

GW samples received for this project had high ash content (58%) and low elemental carbon content
(19%). The high ash content is believed to be due to the soil particles that have been mixed with the
GW samples, as also observed by Boldrin and Christensen (2010). As the GW samples received were
in an advanced state of degradation, this has stabilised the ash content since it is not degraded
whereas most of the biodegradable component of GW has been decomposed. This explains the

consistently high ash content of GW samples.

The semi-degraded nature of GW implies that most of the biogenic carbon has been degraded by
microorganisms during composting, resulting in a low fixed carbon content value when determined
by proximate analysis using TGA. The fixed carbon content forms the basic structure upon which
activated carbon is made. AC precursors, particularly those to be activated by steam should have
high initial carbon content as during activation, the steam will oxidise the carbon structure to create

and widen pores, thereby affecting yield of produced carbons.

High quantities of inorganic minerals in the form of ash leads to ACs with poor microporosity (Valix
et al., 2004). At this point, after the characterisation tests; it can be inferred that GW would not be

suitable as a precursor for ACs.

Both JKWS and JKWR showed potential in being precursors for AC. Both had relatively low ash
content (1.6% and 4.4%, respectively) and high carbon content (46.3% and 45.7%). All
characterisation test results had consistently low RSD values, indicating good homogeneity of all
samples. This can be explained by the fact that all JKW found in the UK are clones of a single male-

sterile plant (Hollingsworth and Bailey, 2000) and since it does not spread by sexual reproduction,

92



all plant samples should be exactly the same. This has excellent repercussions for its role as an AC

precursor since it can be certain that each batch will be the same, barring environmental influences.

The next step of the project is to trial several carbonisation parameters to determine the optimal set

of parameters for maximum char product; which should contain minimal volatile matter and to

analyse the products for their potential in making activated carbons.
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Chapter 6. Carbonisation

6.1 Introduction

The next stage of the investigation involved the determination of optimum conditions for the batch
carbonisation of the JKW precursor. The carbonisation parameters to be tested, and which have

been recognised as being influential in this process, were (Katyal et al., 2003, Roman et al., 2008):

e Heating rate
e Carbonisation temperature

e Dwell time

The key criteria for char acceptable for use in steam activation are for the char to contain minimal
volatile matter and maximum post-carbonisation char yield for steam activation. Carbonisation
optimisation tests were performed on JKWS and the same optimised parameters were applied to

JKWR carbonisation to enable a direct comparison between the products.

Initial carbonisation tests were carried out using a small rotary furnace; a Carbolite HTR 11/75
(Carbolite Ltd., Derbyshire, UK) to conserve the samples, given that the preparation of samples
especially JKWR was a laborious task. Once carbonisation parameters were established, batch
carbonisation was carried out in a quartz reactor using the larger version of the Carbolite rotary
furnace, the Carbolite HTR 11/150 furnace (Carbolite Ltd., Derbyshire, UK). The quartz reactors were
made by Multi-Lab Ltd. in Newcastle-upon-Tyne, UK. The carbonisation temperature, heating rate

and dwell times were controlled by a Eurotherm controller (Invensys Eurotherm, Worthing, UK).

Samples were weighed and loaded into the quartz reactor, which was then mounted into the
furnace. All the carbonisation parameters were set via the controller. The quartz reactor used in the
Carbolite HTR 11/150 holds approximately 150g of JKWS and 250g of JKWR, compared to 25g of
JKWS and 30g of JKWR in the Carbolite HTR 11/75. A nitrogen gas purge rate of 100ml/min for the
Carbolite HTR 11/150 was selected and a rotation rate of 10 rpm was kept constant for all
carbonisation experiments to promote even carbonisation of the samples in the reactor. A schematic

diagram of the reactor placed inside the furnace is shown in Figure 6-1.
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Figure 6-1: Frontal schematic view of Carbolite HTR 11/XX rotary furnace.

The volatiles were condensed into a large, upright, cylindrical oil trap. The pyrolysis bio-oil was
collected and weighed along with char from the reactor whereas any gas was allowed to escape into
the fume hood. The yield of syngas was determined by difference between the total feedstock

weight, char and bio-oil weights.

A 2-step batch process which involved separate carbonisation and activation steps was used in order
to enable accurate yield calculations and to separate the bio-oil from the char produced during
carbonisation to avoid any possible contamination of the activated carbon made during and after

steam activation.

Although characterisation tests indicated that high ash and low carbon contents made GW
unsuitable as AC precursors, it was decided to perform some carbonisation tests on a larger scale to
determine if the inconsistent results were due to the heterogeneity of the GW samples obtained.
Moreover, heterogeneity in the composition of GW has been documented (Boldrin and Christensen,

2010).

The next steps were to optimise char production by establishing preferred heating rate,
carbonisation temperature and dwell time. From literature (Mohan et al., 2006, Williams and Besler,
1996, Babu, 2008, Bridgwater et al., 1999), it is known that a low heating rate and carbonisation

temperature results in high char yield.
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As shown in the TGA results from Section 5.4.4, carbonisation for all waste biomass samples was
essentially complete from a temperature of 400°C upwards and there was not much change in the
sample weight at higher carbonisation temperatures, as can be seen in Figure 5-8. Therefore, a
carbonisation temperature range of 400°C to 800°C with a heating rate of 5°C/min (Julcour Lebigue
et al., 2010) was chosen to maximise char production. The 1°C/min heating rate that was used
during TG analysis was not selected as it would take too long to perform the carbonisation
experiment. Furthermore, the larger Carbolite HTR 11/150 to be used for batch carbonisation does
not support high heating rates (>10°C/min) so a compromised heating rate of 5°C/min was reached.
Higher heating rates will decrease the char yield and increase the volatiles yield (Mohan et al., 2006,

Williams and Besler, 1996).

It has been reported that the evaporation of levoglucosan (formed during the <300°C pyrolytic
reactions of cellulose) and volatile pyrolysis products is highly endothermic (Shafizadeh, 1982). In
order to ensure completion of pyrolytic/carbonisation reactions and hence, the production of stable
char alongside maximum char yield from the samples in the quartz reactor, a 1 hour dwell time was

incorporated into all carbonisation experiments (Roman et al., 2008).

6.2 Results

6.2.1 GW Carbonisation

Approximately 30g of GW sample was carbonised in the Carbolite HTR 11/75. A nominal nitrogen gas
flow rate of 100ml/min was used and the carbonisation temperatures chosen ranged from 300°C to
800°C. The selection of temperatures was based on the TG and DTG data plots in Section 5.4.4;
according to which, pyrolysis was essentially complete from 400°C for GW and the minimum char

yield should be approximately 58% w/w at 800°C.
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Table 6.1: Char, bio-oil and gas yields of GW carbonisation at 5°C/min and 1h dwell time.

Carbonisation Char yield/% Bio-oil yield/% Gas yield/% Total volatile*
Temperature/°C matter/%
300 86.9+1.6 43+0.6 8.8+2.0 13.1
400 68.1+4.9 10.2+5.8 21.7+45 31.9
500 709+0.3 16.1+0.8 13.0+1.1 29.1
600 65.4+8.2 6.1+2.2 28.5+9.9 34.6
700 64.7£0.5 18.8+1.1 17.2+0.6 36.0
800 58.0+1.0 5.8+3.0 36.3+3.1 42.1

* Data obtained by addition of bio-oil and gas yields. SD values obtained from 3 different

measurements.

Carbonisation experiments were run three times and yields were averaged with the standard

deviations (SD) calculated to show reproducibility of the results, which are shown in Table 6.1.
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Figure 6-2: Carbonisation yields of GW at different temperatures.

800

Figure 6-2 shows the yields generated by carbonisation at the aforementioned temperatures. It is

apparent that volatiles yields (bio-oil and gas) measured are inconsistent; they do not follow any
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known trend. Volatiles yield are expected to increase with increasing carbonisation temperatures as

mentioned in Section 3.5.2.

In comparison, char yields do show a decrease with higher carbonisation temperatures as per
literature as seen in Figure 6-2. However, the trend is irregular. Char yields for each temperature
have relatively low SD values, indicating good repeatability but this is down to the consistently high
ash content, which inflates the ‘char’ content. In fact, once the ash content of GW has been factored
into the char yields, it can be seen that there is very little char left and in some cases, no char yield at

all as in the 800°C experiment as seen in Table 6.2.

Table 6.2: Char yields from the carbonisation of GW on ash-free basis.

Carbonisation Temperature/°C Char yield on ash-free basis/%
300 28.9
400 10.1
500 12.9
600 7.4
700 6.7
800 0.0

The irregular patterns of bio-oil and gas yields indicate that the intrinsic heterogeneity of GW plays a
major role in its thermal decomposition behaviour. However, the total volatile matter (gas and bio-
oil) does increase with temperature, which is in line with literature data (Mohan et al., 2006), which
suggests that a better volatile condensation system might be needed. Quenching of gases could be
carried out to increase the bio-oil yield. Additionally, bio-oil is formed from the thermal degradation
of holocellulose and from Section 5.4.3; the holocellulose content of GW is less than half of the
holocellulose content of JKWS and JKWR. Further, the characterisation tests of GW indicated that
the samples received are in an advanced state of decay. Moreover, the implemented technology of
carbonisation at relatively low temperatures and heating rates does not encourage the formation of
bio-oils and syngas (Mohan et al., 2006). Hence, as the objective of this project was to determine the
suitability of the waste biomass as precursors for activated carbons, no further investigations were

conducted into optimising volatiles yield.

98



6.2.2 JKW Carbonisation

JKWR and JKWS was carbonised at 5°C/min from 300°C to 800°C in nitrogen and held for 1h at each

respective temperature in the Carbolite HTR 11/75.

JKW exhibited high homogeneity, thus it was decided that all experiments in this section would be
only run once and a random carbonisation run was selected to be run in triplicate and the RSD
values from that experiment was applied to the other samples. The repeatability of the Carbolite
HTR 11/75 is shown in Table 6.3 using 600°C carbonisation experiments. This temperature was
chosen as it exhibited the highest SD during GW carbonisation and a comparison between GW, JKWS

and JWKR carbonisation can be conducted.

As can be seen in Table 6.3, the results of batch carbonisation of both JKWS and JKWR were within
2% of the triplicate runs, indicating a repeatable methodology as well as a consistent and
homogeneous feedstock. In comparison to GW carbonisation at 600°C in Table 6.1, JKWS and JKWR

demonstrated lower SD values, particularly for char yield.

Table 6.3: Average char yields of JKWS and JKWR at carbonisation temperature of 600°C for 1h in the

Carbolite HTR 11/75. SD values obtained from 3 different measurements.

Char yield JKWS JKWR
Average/% 24.09 31.09
Standard deviation/% 0.10 0.33
RSD/% 1.42 1.07

Bio-oil yield
Average/% 44.30 37.40
Standard deviation/% 1.22 1.62
RSD/% 2.74 4.32

Syngas yield
Average/% 31.62 31.51
Standard deviation/% 1.04 1.51
RSD/% 3.30 4.81

It can also be observed in Table 6.3 that JKWR had higher char yields than JKWS. Gonzalez et al.

(2009) and (Zanzi et al., 2002) observed that the char yield is highest for biomass precursors with the
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highest lignin content and this is reflected in this study, with JKAWR possessing a marginally higher
lignin content of 21.2% and JKWS having 19.9% as observed in Table 5.3.

CharYield
90

80
70

60

Yield/%
u
o

——JKWS
- JKWR

10 -+

O T T T T T T 1
200 300 400 500 600 700 800 900
Temperature/°C

Figure 6-3: Char yield trends for JKWS and JKWR carbonisation using Carbolite HTR 11/75.

As seen in Figure 6-3, a decrease in char yield is observed from 300°C to 500°C but at 600°C, the
trend starts to plateau. This agrees with trends observed in literature for the carbonisation of
biomass (Lua et al., 2004, Beis et al., 2002, Demirbas, 2004). The char yield is particularly high at
300°C due to the dehydration reactions occurring, resulting in the formation of anhydrocellulose,
which increases the char yield (Williams and Besler, 1996, Shafizadeh, 1982). However, there is still a
substantial amount of uncarbonised matter remaining at 300°C, which suggests that the

depolymerisation and carbonisations have not stabilised (Williams and Besler, 1996).

The char yield of JKWR decreased from 78.8% at 300°C to 31.1% at 800°C whereas JKWS char yield
decreased from 70.3% to 23.4% at the same temperature range. As carbonisation proceeds, the
biomass carbon structure is being re-organised to form an irregular but energetically stable char

structure as carbonisation temperatures increase.

The formation of char can be explained by the decomposition of lignin, which forms the bulk of the

char carbon structure (Demirbas and Arin, 2002). At the lower temperatures, weak bonds are
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cleaved whereas at the higher temperatures, aromatic cracking and condensation occurs. This is
accompanied by the dehydration of cellulose in the formation of char (Yang et al., 2007, Shafizadeh,

1982, Demirbas and Arin, 2002).

JKWR had a slightly higher char yield at all temperatures due to the marginally higher lignin content
(21.2%) over JKWS (19.9%). JKWR also had a much higher cellulose content (53.4% to 31.8%), which
also contributes to the char yield, particularly at the low heating rates used. The decrease in char at
high temperatures is due to the devolatilisation reactions that occur, which remove the non-carbon
atoms to form low MW, volatile hydrocarbons. This results in increases in bio-oil and gas yields, as

observed in Figure 6-4 and Figure 6-5.
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Figure 6-4: Bio-oil yield trends for JKWS and JKWR carbonisation using Carbolite HTR 11/75.
The bio-oil yields of JKWR increased from 15.5% to 43.7% between 300°C and 500°C as seen in

Figure 6-4. It can be seen that at the same temperature range, JKWS oil yields increased from 20.7%

to 43.5%.
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Figure 6-5: Gas yield trends for JKWS and JKWR carbonisation using Carbolite HTR 11/75.

The gas yields of JKWR were observed to have increased from 5.7% to 25.0% between 300°C and
600°C in Figure 6-5 as a result of the carbonisation process. JKWS gas yields increased from 9% to
33.1% at the same temperature range. Hemicellulose makes the largest contribution to the volatiles
content (bio-oil and syngas) by forming very short molecular units, which decompose further. Yang
et al. (2007) reported that hemicellulose decomposition resulted in high CO, yields due to its high

carboxyl content and this contributes to the gas yield.

At low carbonisation temperatures, the degradation of lignin does not significantly influence the
char yield as it is thermally stable (Yang et al., 2007). Charring reactions can be inferred to have been
completed once char vyields stabilise as the insignificant weight loss at temperatures above 500°C

indicate that the basic structure is already formed (Molina-Sabio and Rodriguez-Reinoso, 2004).

Bio-oil yields are at minimum levels at 300°C as the main contributing reaction to bio-oil yield has
just started. This reaction involves the secondary degradation of cellulose at temperatures >300°C
produces more levoglucosan and less anhydrocellulose, which contribute to bio-oil and char yields,
respectively (Shafizadeh, 1982). As the carbonisation temperature increases, greater heat transfer
results between the reactor and the JKW biomass, encouraging primary pyrolysis reactions and

initiating secondary autocatalytic reactions, which in conjunction with condensation of some
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volatiles produces tar, a main component of bio-oil (Mohan et al., 2006). Therefore, bio-oil yield
should increase as temperatures increase up to a point where the primary pyrolysis reactions and
secondary autocatalytic reactions are in competition with each other. At this impasse, the influence
of the other components of biomass, heating rate and residence (dwell) times will come into effect.
From Figure 6-4 and Figure 6-5, JKXWR and JKWS bio-oil yields are very similar in weight as well as
following the same trend. This is due to the similar holocellulose contents (77.2% to 78.5%), which is

responsible for tar production (Fagbemi et al., 2001).

JKWS gas vyields, on the other hand are higher than JKWR gas yields at increasing carbonisation
temperatures and this can be correlated with the higher hemicellulose content of JKWS as the
decomposition of hemicelluloses results in more volatiles, less chars and tars than cellulose (Mohan
et al., 2006). Furthermore, devolatilisation reactions are favoured at higher temperatures, as noted

by Fagbemi et al. (2001).

In order to determine whether the char produced contained any volatile matter, proximate analysis
using the thermal analyser was carried out. The results are shown in Figure 6-6. This aided in the
determination of the optimum carbonisation temperature. Results obtained are on a percentage

weight basis.
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Figure 6-6: Amount of volatile matter content remaining in JKWS and JKWR chars carbonised at

different temperatures.

Figure 6-6 shows that as carbonisation temperature increases, the volatile matter content of the
char decreases, indicating increasing stabilisation of the char carbon structure, which is an expected
result. It can be seen that there is no significant difference in volatile matter content between 1h
and 2h dwell times, especially at the higher carbonisation temperatures. Nevertheless, it shows that
with extended dwell time, the chars are tending towards a more stable structure as less volatile

matter is released.

The presence of volatile matter could be explained by trapped tarry substances in the porous
structure of the char carbon structure (Smisek and Cerny, 1970), which is only released at high

temperatures, as observed during the proximate analyses of the chars.

In fact, with the temperature of proximate analysis reaching 950°C, the devolatilisation and
carbonisation reactions will proceed regardless until all the carbon in the feedstock is stabilised. In
order to obtain a stable form of char with little volatile matter, JKWR and JKWS can either be treated
at high temperatures or utilise a lower temperature with long dwell times. From the char yield plot
in Figure 6-3, a temperature of 600°C for both JKWS and JKWR was chosen as the compromised

carbonisation temperature for batch carbonisation as char yields have started to plateau and using
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carbonisation temperatures greater than 600°C does not appear to result in further char yield

increases. Additionally, the extra carbonisation time and energy utilised cannot be readily justified.

From Figure 6-6, the difference in reduction of volatile matter at 600°C at different dwell times was
only 0.9% for JKWR and 1.1% for JKWS. As such, the dwell time was set to 1h instead of 2h to reduce
the amount of energy spent on carbonisation. Furthermore, the char will be heated to temperatures
beyond 600°C during steam activation and that will remove any residual volatile matter that might

remain trapped in the pores of the carbon structure.

In conclusion, the batch carbonisation of JKWR and JKWS will be performed at a temperature of
600°C at a 5°C/min heating rate with a dwell time of 1h. These parameters have also been utilised by

Roman et al. (2008) for their work in the activation of olive stones.

However, it is noticed that the majority of the products formed during carbonisation of JKWR and
JKWS are in the form of volatiles, i.e. bio-oil and syngas. This is a result of the high holocellulosic
contents of both feedstocks, as presented in Table 5.3 of Section 5.4.3. Similar observations were
made by Gonzalez et al. (2009) for almond shells, walnut shells, almond tree prunings and olive
stones. JKWS bio-oil yields are slightly higher as a result of the higher hemicellulosic content
whereas syngas vyields of both were similar. However, since gas yields were calculated by
subtraction, they can be influenced by the accuracy of the determination of the other 2 fractions

(Gonzalez et al., 2009).

6.3 Carbonisation Summary

The Carbolite HTR 11/75 carbonisation runs of GW effectively confirmed that it is an unsuitable
precursor for activated carbons. The high RSD values obtained from the carbonisation of GW
(Section 6.2) indicate that the GW samples received were not homogenous enough to be a precursor
for activated carbons. Additionally, the high amount of ash recorded during GW carbonisation
suggests that there would not be enough fixed carbon present in the GW char for steam activation.
GW is inherently heterogeneous due to its make-up of different kinds of organic waste (Andersen et
al., 2010, Boldrin and Christensen, 2010, Williams and Kelly, 2003, Williams, 2006). Ultimately, the
diverse nature of GW, its high ash and low carbon content makes it unsuitable as a precursor for

activated carbons.
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A decision was made to disregard further GW as a focus of further research and to concentrate on
JKWR and JKWS biomasses instead. The carbonisation of both JKWS and JKWR demonstrated
consistent results in terms of char yields and both had high fixed carbon content and low ash

content.

JKWR had higher lignin content and thus, produced more char than JKWS. However, the char
produced during carbonisation at 600°C by JKWR and JKWS was less than their respective volatile
matter (bio-oil and syngas) yields due to the fact that both had much greater holocellulosic yields

than lignin.
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Chapter 7. Steam activation optimisation

The activation procedure that was selected was physical activation using steam. The choice of steam
activation was influenced by its preference in the activated carbon industry (Gonzdlez et al., 1994,
Molina-Sabio et al., 1996, Gergova and Eser, 1996). Additionally, steam is a more reactive agent than
CO, and as a result, is able to achieve adequate burn-off with the application of lower temperatures
of activation (San Miguel et al., 2003, Wigmans, 1989, Rodriguez-Reinoso et al., 2000). It has also
been reported that activated carbons obtained with steam have higher BET surface areas (Lopez et
al., 2009) with well-developed micropore structure when compared to activation by CO, or O,
(Wigmans, 1989). This is a consequence of the smaller dimension of the H,0 molecule which permits
fast diffusion into the porous system of the carbon, giving it enhanced accessibility towards the
micropores and thus, results in a significantly faster reaction rate for the gasification reaction
(Wigmans, 1989). Physical activation also enables a moderate degree of control on the development
of porosity in the activated carbons (Roman et al., 2008), although this is beyond the scope of this

project.

Chemical activation was not considered as a suitable process due to the usage of chemicals required
for activation, their aggressive nature and harmful by-products (e.g HCl from ZnCl, activation) and
the necessity to wash the produced activated carbon to remove/recover and/or dispose of the
abovementioned chemicals after activation. Commercially, chemical activation is rarely applied due
to the added complications and costs of operating the process in comparison to physical activation
(Fowler, 1995). The environmental impact of steam is also likely to be less than the impact of
chemical activating agents and creates less waste at the end of the process (Guo and Chong Lua,
1998). Furthermore, the equipment available to use in this study (the quartz reactors) would be
attacked by the chemical activating agents. These reagents are normally alkali- or alkaline earth

metal-containing substances which devitrify the quartz reactor used at high temperatures.

To enable a realistic evaluation of the adsorptive properties of the produced JKWS and JKWR
carbons, comparisons with a commercial carbon were deemed necessary. The commercial carbon
chosen was Chemviron Filtrasorb 400 (Chemviron Carbon Ltd., Ashton-in-Makerfield, UK) was used
as the commercial comparison given the fact that it is regarded as the standard activated carbon for

water treatment. Its measured technical data is given in Table 7.1.
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Table 7.1: Measured technical details for Calgon Filtrasorb 400.

BET Total Langmuir Butane
lodine Bulk Ash
surface Pore Phenol working
Carbon Feedstock number density content
area Volume capacity capacity R
(mg/g) ) (8/cm’) (%)
(m“/g)  (ml/g) (mg/g) (%)
Calgon
Coal 1000 977 226 159 15.6 0.54 9.00
F400

Filtrasorb 400 is written as F400 in this study. The aim of this section is to investigate the steam
activation conditions that will produce activated carbons from both JKWS and JKWR with the highest
closest properties to the F400. This includes surface area and their performance during

characterisation tests.

7.1 Experimental protocols

The conditions investigated for steam activation were:
e Activation temperature
e Activation time

e Water (steam) flow rate

It is known that the activation temperature affects the adsorptive properties of the produced
activated carbons, together with the length of time the carbons are allowed to react with different
amount of water being introduced into the reactor during steam activation. As such, different
combinations of the above-mentioned parameters were investigated to determine the properties

induced in the produced JKWS and JKWR activated carbons.

Five different activation temperatures were investigated and these were 825°C, 850°C, 875°C, 900°C
and 925°C. In order to aid comparison, the activation time and water flow rate were kept constant at
0.5h and 0.1 ml/min, respectively throughout the experiments determining the effect of activation

temperature.

The aim of the activation experiments was to increase BET surface area and to increase the extent of
activation, i.e. the burn-off values. Literature states that 40-50% burn-off is optimal for the

development of microporous activated carbons (Rodriguez-Reinoso and Molina-Sabio, 1992,
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Wigmans, 1989, Roman et al., 2008) and burn-off values larger than 50% produce meso- and
macroporous carbons (Bansal, 2005) and hence, the experiments conducted in this project are kept

to the aforementioned burn-off values.

7.1.1 Bulk char production

In order to produce enough chars for steam activation, JKWS and JKWR were carbonised separately
in a Carbolite HTR 11/150 at 600°C using a heating rate of 5°C/min with a 1h dwell time, as discussed
previously in Section 6.2.2. The temperature and heating rate was chosen to maximise the char yield
and a dwell time was incorporated to ensure the biomass were completely carbonised. In Section
6.2.2, it was shown that a long carbonisation dwell time did not warrant the minor decrease in

volatile matter evolved from chars produced at 600°C.

7.1.2 Elemental analysis of Japanese knotweed and its chars

During the initial studies for steam activation of JKWS, it was noted that the quartz reactors were
unexpectedly losing mass. The reactors have been used for several decades by the research group
and this particular problem has not been noted before, for biomass samples. This led to the
conclusion that the JKW samples were releasing unknown substances during steam activation that
was attacking the quartz vessels. This was of significant concern given that it increased the risk of
reactor failure during steam activation, which may result in a fire if hot char is exposed to air. Thus,
an investigation of the cause and hence, the development of a remedy for this issue was

implemented.

At high temperatures, alkaline earth metals such as Na, K, Mg and Ca present in the JKW biomass
will react with the quartz reactor causing devitrification (Momentive, 2012), which will ultimately
lead to failure of the reactor. Given that this issue had been previously observed during initial steam
activation tests, steps were taken to determine the metals content of JKWS and JKWR char.
Furthermore, experiments were undertaken to decrease the alkaline earth metals content in the

char through the application of a proprietary acid washing process.

All elemental determinations of JKW samples were conducted using Inductively-Coupled Plasma
with Optical Emission Spectroscopy (ICP-OES). The equipment used was a Perkin Elmer 7300DV ICP-
OES.
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During ICP-OES analysis, the sample is subjected to high temperatures generated by the argon
plasma which causes the sample to dissociate into its atoms, which then ionises. Once the ions
decay from their excited states, they release thermal or radiative (emission) energy. The intensity of
the light emission at specific wavelengths is detected by the spectrophotometer and is used to

determine the concentrations of the elements of interest.

7.1.2.1 Sample preparation

Samples for elemental analysis were prepared using microwave digestion. An Anton Paar Multiwave
3000 microwave reaction system (Anton Paar, Graz, Austria) with a MF100 pressure vessel in a 16
position rotor was used to acid digest the waste biomass and char samples to digest the samples
using USEPA Method 3051a (USEPA, 1996). Glassware was soaked in 5% nitric acid for 24 hours
before use and immediately prior to use, was rinsed with 1M nitric acid; the matrix for the
calibration standards used. The soaking and washing were to remove any contamination that might
have been present in the glassware used. The calibration standards were a multi-elemental standard
(Merck ICP Multi Elemental Standard Solution IV CertiPUR). The nitric acid used was VWR Analar

grade.

0.5g of ground sample (<500um) was added to the PTFE microwave reaction vessel, along with 9ml
of HNO; and 3ml of HCl. The heating program of the microwave acid digestion raised the
temperature to 175°Cin 5.5 min and held it at 175°C for 4.5min. Upon cooling of the reactor vessels,
the sample is quantitatively transferred to a 100ml volumetric flask and made up to volume using

1M HNOs.

Before ICP-OES analysis, the diluted sample was filtered using Whatman cellulose nitrate membrane
0.45um syringe filters (Whatman, Maidstone, UK). To ensure good quality control, a blank spike and
a sample spike were added to separate reaction vessels and underwent the same preparation

procedures carried out for actual samples.
The biomass standards used were oriental tobacco leaves (OTL), which were obtained from the

Institute of Nuclear Chemistry and Technology in Warsaw, Poland to ensure reproducibility of the

digestion and analytical method.
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7.1.2.2 Acid washing of JKW chars

There are usually 2 types of ash in biomass: leachable and non-leachable ash. Leachable ash can be
removed using acid wash whereas non-leachable ash is embedded within the carbon matrix and

cannot be washed with acid (Pendyal et al., 1999).

The produced chars were acid washed with 0.2M HCI for 24 hours. This was repeated three times in
a process called the ReACT washing process (Fowler, 2011), which is a proprietary process used by
Chemviron Carbon Ltd. to remove metals from activated carbons returned from service prior to
reactivation. The chars were washed to reduce the concentration of alkaline earth metals (Ca, Mg, K
and Na) before steam activation to minimise the devitrification of the quartz reactor, which can lead

to reduced service life and unexpected vessel failure.

A 50g sample of char was placed in a 500ml conical flask with a screw top and 500ml of 0.2M HCI
was added (1:10 weight ratio) using a measuring cylinder. The conical flask was then placed onto a
Janke & Kunkel (IKA, Staufen, Germany) KS 501 D rotational shaker and shaken at 150 rpm for 24h.
The acid wash was renewed every 24 hours for 72 hours. After the final acid wash, the char was then
washed with boiling distilled water until a constant pH was reached. The washed chars were then

dried in an oven at 105°C for 24h.

The washed and dried chars were microwave digested and the digestate was analysed using ICP-

OES.

7.1.3 Scanning electron microscopy

A scanning electron microscope (SEM) permits the observation and characterisation of
heterogeneous organic and inorganic materials on a nanometer to micrometer scale. The SEM is

able to generate 3D-like images of the surfaces of materials (Goldstein, 2003).

In the SEM, the area to be examined is irradiated with a finely focussed electron beam. The types of
signal produced by the interaction of the electron beam with the sample can be used to examine the
characteristics of the sample. The 3D appearance of the images is due to the large depth of field of
the SEM as well as the shadow relief effect of secondary and backscattered electron contrast

(Goldstein, 2003).
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Due to weak electron interactions, the sample has to be placed in a vacuum. For non-conductive
surfaces i.e., JKW samples the surface needs to be coated with a layer of gold to ensure conductivity
whereas carbon samples do not need to be gold coated. In this work, a JEOL 5610LV SEM (JEOL Ltd.,

Tokyo, Japan) was used, which was located in the Department of Materials, Imperial College London.

7.1.4 Characterisation and testing of activated carbons

All samples of activated carbon produced from JKWS and JKWR were characterised using the

following tests:

e Ash content

e BET Surface Area

e Apparent Density

e Butane Working Capacity
e (Contact pH

e lodine number

e Phenol Adsorption

Steam activation was performed in the small rotary furnace; the Carbolite HTR 11/75 using the
quartz reactor as previously mentioned in Section 6.1. Due to the difference in bulk densities of the
produced JKWS and JKWR chars, the utilised quartz reactor holds 15g of JKWS char and about 25g of
JKWR char. The bulk density of the chars was determined to be 0.29g/ml for JKWR char and 0.11g/ml
for JKWS char.

To enable steam activation within the quartz reactor, a small diameter stainless steel pipe is inserted
into the reactor and water is pumped through the pipe by a calibrated Watson Marlow 101 U/R
peristaltic water pump (Watson Marlow Pumps Group, Falmouth, UK). The pump is switched on the
moment the furnace reaches the activation temperature to deliver the required flow rate of water

into the furnace. The water is vaporised into steam at the activation temperatures.

A nitrogen gas purge flow rate of 100ml/min was kept constant for all activation experiments, along

with a 10 rpm rotation of the reactor. The produced AC was allowed to cool down under nitrogen to
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room temperature. It should be noted that during activation with steam, the nitrogen gas was kept

flowing through the reactor.

A cold-finger condenser, immersed in liquid nitrogen was connected to the gas outlet end of the
reactor via a custom-made adaptor to collect the amount of water (steam) unused during activation.
The effect of activation temperature, activation time and water flow rate on the activated carbons

produced from JKWS and JKWR char by steam activation were investigated.

The produced chars are named using the precursor as a prefix, followed by AC to denote its status as
an activated carbon and a string of 3 sets of numbers separated by dashes which indicate the

activation temperature, activation time and the water flow rate respectively.

As an example, JKWS AC 825-1-0.1 indicates that the activated carbon was made from JKWS at the
activation temperature of 825°C, held at that temperature for 1hr and the water flow rate used
during the hold time was 0.1ml/min. The heating rate for all activation experiments was fixed at

5°C/min.
To ensure that the results of testing between JKWS AC and JKWR AC were comparable, all
experimental activation parameters that were established based on experiments using JKWS AC

were emulated for JKWR AC.

The characterisation of the activated carbons produced was carried out according to the

international standards, where applicable.

7.1.5 Burn-off

The burn-off is determined by gravimetric methods and the following relationship is used to

calculate burn-off:

Mass of char after activation

Equation 7-1: Burn —off,% = 100 — ( 100)

Mass of char before activation
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7.1.6 Ash content

The ash content was determined using ASTM Method D2866-94 (99) (ASTM, 1994a). Samples of
activated carbon are dried at 150°C for at least 3 hours and placed in a crucible that was previously
fired at 650°C for 1h, cooled and weighed.

The crucibles are filled with the samples and then fired in the muffle furnace at 650°C for 3-16h and
ashing is considered to be complete when a constant weight is achieved. The crucible is weighed

after cooling in a desiccator.

Ash content is calculated according to Equation 7-2:
. D-B
Equation 7-2: Total ash, % = P x 100

Where: B= weight of empty crucible in g; C= weight of empty crucible and original sample in g and

D= weight of empty crucible and ashed sample in g.

7.1.7 Contact pH
The pH was determined according to the method of Bagreev et al. (2001). A dried sample of 0.4g

was mixed with 20ml distilled water and shaken overnight. The pH was measured after filtration of

the sample. The pH meter used was a calibrated Fisher Hydrus 500 with a VWR pH electrode.

7.1.8 Apparent Density

Apparent density of the produced activated carbons was determined according to ASTM Method

D2854-96 (ASTM, 1996b). A diagram of the apparatus used is shown in Figure 7-1:
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Figure 7-1: Assembly of apparatus used for apparent density.

A representative sample of the carbon is placed in the reservoir funnel without it spilling into the
pre-weighed measuring cylinder. The experimental setup is shown in Figure 7-1. The apparatus is
then switched on and the sample is fed into the measuring cylinder by the vibrating action of the
feeder. This ensures that the sample particles are evenly packed into the cylinder. The measuring

cylinder is weighed with the sample and the volume is read off the graduations.

The apparent density is calculated by Equation 7-3:

Mass of carboning

: g
Equation 7-3:  Apparent denSLty,E e ———

7.1.9 N;adsorption at-196°C

The surface area according to the BET theory was measured using a Coulter Omnisorp 100 using
nitrogen gas adsorption at -196°C. The instrument operates by using a continuous volumetric
technique, meaning that the sample is exposed to a constant flow of nitrogen gas, regulated by a
mass flow controller. The rate at which nitrogen is introduced into the sample holder is slow enough
that nitrogen adsorbed onto the sample and the nitrogen in the sample tube can be considered to
be in equilibrium. This controlled release of nitrogen allows for extremely small changes in pressure

to be detected (Fowler, 1995).
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7.1.9.1 Sample preparation

Approximately 0.25g of sample is placed into the sample holder and this is connected up to a
vacuum in the degassing chamber of the Omnisorp via a sample tube stopcock adaptor. Here, the
sample is dried at 150°C and degassed to 10” Torr. The sample is then removed from the degassing
chamber and placed into a Dewar flask filled with liquid nitrogen. The data collected by the

instrument allows for the calculation of the BET surface area and the t-plot analysis.

The adsorption of N, at -196°C provides an indication of the development of porosity and surface
area of the activated carbons produced in this project. The results are interpreted in accordance
with the BET theory (Section 3.4.3) for total surface area and total pore volume whereas the t-plot
(Section 3.4.4) will be used to interpret the meso- and macropore surface areas along with the
micropore volume. Meso- and macropore volume as well as micropore surface area will be
determined by difference. The pore size distribution of the carbons is determined by the Horvath-

Kawazoe method (Section3.2.3).

The measurement of BET surface area using N, will have implications on the analysis of the
performance of JKWS as activated carbons as it provides a standard comparison of the surface area
available for adsorption for other adsorbates. It also provides an indication of the pore structure of

the ACs produced and assists in explanations of adsorption mechanisms.

7.1.10 Butane working capacity

ASTM Method D5228-92 (96) was used to determine the butane working capacity (BWC) of
activated carbons (ASTM, 1992). BWC is defined as the difference between the butane adsorbed at
saturation and the butane retained per unit volume of carbon after a specific purge. The test also
gives a value for the butane activity; the total amount of butane adsorbed onto the carbon sample,

expressed as mass of butane per unit weight or volume of carbon.

The BWC of activated carbon is a measure of its ability to adsorb and desorb butane under specific
conditions. It also gives a relative measure of the effectiveness of the carbon on other adsorbates.
Butane activity is an indication of the micropore volume and butane retentivity is an indication of

the pore structure of the AC. The experimental set-up is shown in Figure 7-2.
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The adsorption tube is pre-weighed and filled with oven-dried sample using the vibrating feed
apparatus for apparent density. The filled adsorption tube is then weighed to determine the weight
of the carbon sample and placed in a water bath at 25°C. Butane is passed through the sample for a
specific amount of time and the amount of butane adsorbed is weighed. The butane adsorbed gives
the butane activity of the AC. To determine BWC, the butane is purged from the sample using air for
a specified time and re-weighed and the difference between the saturated sample and purged

sample gives the BWC of the AC.

g —3 -
activated
carbon sample
g quartz
frit ——— reactor
T=25C J
water bath

Figure 7-2: Experimental set-up for BWC determination (Allen et al., 1999).

The following equations were used to calculate BWC, butane activity and butane retentivity:

; A W o,y — DZE
Equation 7-4: BWC,W(A)) 5 X 100

Equation 7-5:  BWC,w/v (9/100ml) = 2= X A x 100

Equation 7-6: Butane activity ,%(%) = ?T_g x 100
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Equation 7-7: Butane activity,%(g/lOOml) = E X A %100
Equation 7-8: Butane retentivity,w/w (%) = g x A %100
Equation 7-9: Butane retentivity,%(g/lOOml) = % X A %100

Where:

A=apparent density

B=weight of sample tube and stoppers

C=Weight of carbon sample, sample tube and stoppers
D=Weight of saturated carbon, sample tube and stoppers; and

E=Weight of purged carbon, sample tube and stoppers.

7.1.11 lodine number determination

ASTM Method D4607-94(99) was used to determine the iodine number of the activated carbon
samples produced (ASTM, 1994b). The iodine number of an activated carbon is used as an indicator
of its relative porosity especially for pore sizes larger than 1nm (Jankowska et al., 1991, Aygiin et al.,

2003).

The iodine solution is made up to 0.100£0.001N and must be standardised and maintained for all
measurements. The standardised iodine solution is treated with three different weights of a sample
of activated carbon under specific conditions. The samples are ground until 95% w/w or more will
pass through a 100-mesh screen (152um) and dried at 150°C overnight. The iodine solution is

pipetted into a conical flask containing the carbon samples and shaken for 30 seconds.
The carbon is then filtered out and the remaining unadsorbed iodine is determined by titration,

using starch solution as an indicator. The results are used to plot an iodine adsorption isotherm and

the amount of iodine adsorbed per gram of carbon is reported as the iodine number.
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During the adsorption of iodine, it is assumed that iodine at the equilibrium concentration of 0.02N
is adsorbed onto the carbon in the form of a monolayer by a pore-filling mechanism similar to that of
N, at -196°C (Hill and Marsh, 1968) (which was previously discussed in Section 7.1.9) and as such, the
iodine number is related to the BET surface area (Jankowska et al., 1991, Marsh and Rodriguez-

Reinoso, 2006).

The amount of iodine adsorbed also indicates the extent of the micropore structure in JKWS AC and
is also a measure of the adsorptive capacity of the AC (Snoeyink et al., 1969) for low molar mass
solutes (Wu et al.,, 1999, Hall et al., 1966) and is important in the evaluation of AC for their
effectiveness in aqueous phase applications (Juhola, 1975). A larger iodine number indicates a higher

adsorptive capacity.

7.1.12 Phenol adsorption

Phenol is an organic compound with the chemical formula CsHsOH. It consists of a phenyl group with
an attached hydroxide group. It is an important precursor to a large collection of drugs, most notably
aspirin as well as herbicides and pharmaceutical drugs. Phenol and its derivatives are also used in
the synthesis of plastics, colours, pesticides, insecticides, etc. and as such, degradation of these
substances leads to the appearance of phenols (and its derivatives) in the environment (Dabrowski

et al., 2005).

The presence of phenols can cause unpleasant tastes and odours (from reacting with chlorine during
disinfection, producing chlorophenols) as well as causing health problems to humans (Dabrowski et
al., 2005, Hameed and Rahman, 2008) such as protein degenerations; tissue erosion; paralysis of the
central nervous system; kidney, liver and pancreatic damage (Knop et al., 1985). For these reasons,
the removal of phenol and its associated compounds from drinking water is of the utmost

importance.

The most widely-used method of phenol removal from water is by adsorption on the surface of
activated carbons. The molecular diameter of phenol is 0.62nm, meaning that it is adsorbed within

ultramicropores (d<0.7nm) and micropores (d<2nm) (Daifullah and Girgis, 1998).

The pKa of phenol is 9.89 so the adsorbed species above this pH is mainly anionic whereas phenol is

mainly in its molecular form below this pH (Snoeyink et al., 1969). It is desirable to keep the pH of
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the solution below the pKa of phenol to avoid repulsion between the surface layer of the AC and the
anionic phenolate, which would result in reduced adsorption in addition to changing its UV

adsorption wavelength, affecting its accurate measurement.

Due to both its hazardous nature and common occurrence in water, phenol is often used as a
primary reference solute in aqueous phase adsorption studies (Aygin et al., 2003, Dabrowski et al.,

2005).

7.1.12.1 Adsorption kinetic studies

An adsorption kinetics experiment was conducted to determine the time needed for saturation of

phenol adsorption in the pores of AC. The AC samples tested were ground to 150um particle size.

Approximately 20mg aliquots of AC sample were placed in several conical flasks, each containing
100ml of 200ppm phenol solution. The phenol used was of 99.0% purity from Fisher Scientific UK.
These were shaken at 150rpm on a rotary shaker and an aliquot was taken at different time intervals
(10mins to 48h) from different flasks. The aliquots were then filtered using Whatman 0.45um

syringe filters.

A Shimadzu UV-2401PC UV-Visible spectrum spectrophotometer (Shimadzu Corp., Kyoto, Japan) was
calibrated with phenol solutions of 0, 10, 20, 50 and 100ppm concentrations at a wavelength of
270nm and used to determine the concentration of phenol remaining in the filtered solution. The

amount of phenol adsorbed at equilibrium g, was calculated using Equation 7-10:

Co—Ce)V
Equation 7-10: q, = (()Te)

Where C, =initial concentration of phenol in mg/l; C. =equilibrium concentration of phenol in mg/I;

V= volume pipetted into conical flask in litres and W= mass of AC used in grams.

Values of g. were plotted against time to produce a plot indicating the minimum time needed for

phenol saturation of the activated carbon sample tested.
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7.1.12.2 Adsorption isotherm studies

The batch equilibrium studies for phenol adsorption were conducted in a similar manner to the
kinetic studies. Instead of having different flasks with the same phenol concentration, there were 5
flasks; each with 100ml of 10, 20, 50, 100 and 200ppm phenol concentrations. 20mg of AC sample
were placed in each flask and shaken for 24 h at 150 rpm. The contact time was determined from

the adsorption kinetics test.

After 24h, aliquots were taken from each flask, filtered and the equilibrium concentration
determined using the UV-Vis spectrophotometer. The Freundlich and Langmuir isotherm models
were then used to describe the relationship between the amount of phenol adsorbed and its
equilibrium concentrations in the solutions as previously discussed in Sections 3.4.1 and 3.4.2,

respectively.

In calculating the maximum monolayer capacity Qg for each carbon, the five points required are
achieved by varying the initial concentration C, of the phenol solution while keeping the amount of
carbon constant. This takes into account the effect of different phenol concentrations have on
phenol uptake by the carbons. This in turn, leads to an accurate value of Qq when compared to
obtaining the value from the height of the plateau of the phenol adsorption isotherms (Teng and

Hsieh, 1998).

The pH of the phenol solution after adsorption using JKWS AC was measured to ensure that
pH<pK,=9.89 to prevent dissociation of phenol into phenolates. This is to minimise the effects of
repulsion between the anions and the negative surface structures of the activated carbon. It was
discovered that none of the pH values were above the pK, of phenol after adsorption and thus,

buffering of the solution was not required.
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7.2 Results and Discussion I: Effect of Activation Temperature

The produced activated carbons are given a prefix based on the precursor (JKWS or JKWR), followed
by AC to denote that is has already been steam activated. Three sets of number then denote the

activation temperature, activation time and water flow rate, respectively.

7.2.1 Elemental analysis using ICP

Table 7.2 shows the results of the ICP analysis of OTL (oriental tobacco leaves), which was used as a
standard to gauge the efficiency of the microwave acid digestion method. Ca, K and Mg values were
all within 10% of the OTL certified value. However, for Na the % difference was 58.6%. This was due
to the fact that Na was a trace element in OTL and that even minute traces of contamination could

affect the Na concentration.

Table 7.2: Alkaline earth metals content of OTL standard.

oTL Ca/ugg” K/ugg™ Mg/ug g’ Na/ugg”
Certified Value 31700 £ 1200 15600 + 500 4470 + 210 345%*
Digested Value 32836 14238 4376 547
% difference +3.6 -8.7 -2.1 +58.6

*The standard error was unavailable for the Na content of OTL as it was a trace element in OTL. SD

values obtained from 3 different measurements.

In spite of the high percentage difference between the certified and digested Na value of OTL, the
microwave acid digestion method described in Section 7.1.2 was adopted for the digestion of JKWS
and JKWR biomass and the produced chars as the other three metals were analysed with acceptable

results.

The alkaline earth metals content as obtained from the ICP analysis of JKWS, JKWS char, JKWR and
JKWR char as well as the respective acid washed chars is shown in Figure 7-3. All ICP analyses were
carried out in triplicate and RSD for all analyses were less than 8%, which was deemed acceptable

(dos Santos et al., 2007).
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Figure 7-3: Comparison of the alkaline earth metals in JKW biomass, char and acid washed char.

It is observed that both JKWR and JKWS chars had higher amounts of alkaline earth metals than their
respective biomasses. This is explained by the carbonisation and devolatilisation reactions which
concentrate these inorganic minerals into the char as they are not removed by the aforementioned

reactions.

In order to remove as much ash as possible, the 0.2M HCI solution of the ReACT process was used to
wash both JKWS and JKWR chars as detailed in Section 7.1.2. After the final wash with hot distilled
water, both chars were then analysed for the metals content, with a comparison of the results

between unwashed and washed chars shown in Figure 7-3.

The ReACT acid washing method was effective in removing the alkaline earth metals content of both
types of chars, as can be seen in Figure 7-3. Calcium content was reduced by 78% and 70%;
potassium content by 93% and 55% and sodium content was reduced by 67% and 75% for JKWS and
JKWR chars, respectively. The acid wash was not as effective in removing magnesium content where

reductions of 16% and 13% were achieved for JKWS and JKWR chars, respectively.
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7.2.2 Sample Yields/Burn-off reactions of JKWR and JKWS char with water

Water is volatilised into steam the moment it is pumped into the quartz reactor at the activation
temperature. The burn-off gives an indication of the porosity and surface area of the char and is

positively correlated to both (Molina-Sabio et al., 1996, Gonzalez et al., 1994).
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Figure 7-4: Effect of activation temperature on the burn-off of JKWS and JKWR char at 0.5h activation

time and 0.1ml/min water flow rate.

The reaction of steam is termed gasification and is the main mechanism that results in the
development of pores in the carbon structure. It is responsible for the loss of weight from the char,
i.e. burn-off as a result of removal of carbon atoms during C-H,0 reactions (Chang et al., 2000,
Rodriguez-Reinoso and Molina-Sabio, 1992). This effect is seen in Figure 7-4, where the increase in
activation temperature is accompanied by an increase in the burn-off of JKWS from 12.7% at 825°C
to 17.8% at 925°C and the burn-off of JKWR increases from 11.4% at 825°C to 21.5% at 925°C. This
has been observed and is in line with steam activation of other forms of biomass (Tancredi et al.,

1996, Gergova and Eser, 1996, Hu and Srinivasan, 1999, Balci et al., 1994).

JKWS has marginally higher reactivity than JKWR as can be seen by the higher burn-offs at

comparable activation temperatures. This could be due to the different lignocellulosic contents of
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JKWS and JKWR, as reported in Section 5.4.3 It has been suggested by Gergova et al. (1994) that the
difference in lignin and cellulose contents of biomass precursors may influence the burn-off and
hence, porous structure of the produced activated carbons. Daud and Ali (2004) observed that was
easier to activate chars which have more cellulosic content than having high lignin content and this

is reflected in this study for both JKWR and JKWS.

As is known from Section 5.4.3, JKWS possesses higher hemicellulose content (46.7% to JKWR's
24.9%) and lower cellulose content (31.8% to JKWR’s 52.4%) and as such, can be partly attributed to
the higher reactivity and hence, higher burn-off values of JKWS under comparable steam activating

conditions.

It can also be seen in Figure 7-4 that the burn-off levels off at 850°C and 875°C before rising again at
900°C and 925°C. This could be an indication of the limiting effect of the water flow rate, where the
existence of a concentration gradient between the inner cavities of the char molecule and the

external water environment surrounding the char carbon structure.

According to Gonzalez et al. (1994), the concentration gradient decreases with higher water flow
rate and as the concentration of water increase external to the char, allowing for greater diffusion
into the char. Wigmans (1989) mentioned in his study that as a result of the burning of carbon
during steam activation which results in the formation of CO and H, (Equation 3-13), H,O is not
effectively used during the activation process due to the increasing partial pressure of CO that
occurs; which causes the water gas shift reaction (Equation 3-14) to favour the forward reaction,
increasing the inhibitory effects of H, (Marsh and Rodriguez-Reinoso, 2006) and thereby, decreasing

the burn-off values achieved during steam activation.
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7.2.2.1 Carbon content
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Figure 7-5: The decrease of carbon content of produced JKWS and JKWR activated carbons (0.5h

activation time and 0.1ml/min water flow rate) as a function of activation temperature.

Figure 7-5 demonstrates that the increasing activation temperatures results in activated carbons
with decreasing carbon contents. The decrease in carbon content is due to the carbon burn-off as a
result of C-H,0 reaction experienced by the carbon particles during steam activation, as previously

discussed in Section 3.5.4.2.

JKWR activated carbons have relatively higher carbon content than JKWS carbon at all activation
temperatures. This observation is in agreement with the relatively higher carbon content of JKWR
biomass, as seen in Table 5.2 in Section 5.4.2. The difference in carbon contents between JKWS and
JKWR carbons could also be due to the fact that the produced JKWR char at 600°C has a higher bulk
density than the equivalent JKWS char as seen in Section 7.1.4. The denser structure of JKWR char
would then result slower diffusion of water molecules into the char structure, lowering its steam
gasification rate and thus, preserving its relatively higher carbon content due to lower burn-off

experienced in comparison to JKWS char.
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Table 7.3: Carbon content of JKWS and JKWR biomass, char and activated carbons produced at

different activation temperatures (0.5h activation time and 0.1ml/min water flow rate).

Yield Ccontent Sample weight C content (g of C/ C content* (%)
(%) (%) (8) 10g sample)
JKWS biomass | 100.00 45.70 10.00" 4.57 45.70
JKWS Char 24.09 91.30 241 2.20 21.99
AC at 825°C 87.30 92.69 2.10 1.86 19.49
AC at 850°C 85.10 92.53 2.05 1.85 18.97
AC at 875°C 84.50 91.90 2.04 1.87 18.71
AC at 900°C 82.40 90.12 1.99 1.84 17.89
AC at 925°C 78.10 88.68 1.88 1.74 16.68
Yield Ccontent Sample weight C content (g of C/ C content* (%)
(%) (%) (8) 10g sample)
JKWR 100.00 46.30 10.00" 4.63 46.30
biomass
JKWR Char 31.09 93.50 3.11 291 29.07
AC at 825°C 88.60 93.54 2.75 2.46 25.77
AC at 850°C 86.30 93.33 2.68 2.44 25.04
AC at 875°C 86.10 92.70 2.68 2.48 24.81
AC at 900°C 82.30 90.83 2.56 2.39 23.24
AC at 925°C 78.50 89.35 2.44 2.28 21.81

* corrected for weight losses due to carbonisation and steam activation. * Arbitrary biomass sample

weight for comparison’s sake.

Table 7.3 shows that the corrected carbon content of JKWS and JKWR as a percentage of the original
biomass decreases with carbonisation and steam activation. This is a result of correcting the carbon
contents in order to make valid comparisons for reasons of carbon sequestration. Although the
corrected carbon contents are observed to decrease from biomass to final activated carbon product,
this is expected as a result of the carbonisation process (where carbon is ‘lost’ in bio-oil and syngas)
and the steam activation process (where carbon is ‘lost’ during burn-off as CO and CO,). The results
indicate that a portion of carbon can be sequestered in the form of produced activated carbon,

depending on the activation temperature used to manufacture the required activated carbon.
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7.2.2.2 SEM analysis

Figure 7-6: SEM photos of JKWR biomass at (a) 140x (b) 1000x (c) 4300x magnification with JKWS
biomass at (d) 140x (e) 1000x and (f) 4300x magnification.

It can be seen in Figure 7-6 that both JKWS and JKWR biomass look similar to each other at the lower
magnifications. However, at higher magnifications, it is clear that JKXWR seems more solid with little
evidence of cracks and fissures whereas JKWS biomass is seen to be fragmented, especially in Figure
7-6 (f). Furthermore, there is no evidence of any form of porosity observable in any of these

micrographs.
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Figure 7-7: SEM photos of JKWR char at (a) 140x (b) 300x magnification with JKWS char at (c) 140x

and (d) 300x magnification.

In Figure 7-7, it is can be clearly seen that the carbonisation process has already begun to perforate
the structure of JKXWR and JKWS. Disorganised fragments of amorphous carbon and residues can also
be observed as individual white specks on the SEM photos, blocking the pores. JKWR char already
exhibits relatively porous structures at 140X in Figure 7-7 (a) whereas it can be seen that some
external burning has occurred with JKWS char in Figure 7-7 (d), which indicates the formation of
external porosity whereas the inner structural walls still remain intact. It can also be observed that
the basic cellular structure of both JKWS and JKWR biomass is retained after carbonisation, which
had also been observed by several other authors for other biomass precursors (Zabaniotou et al.,

2008, Martinez et al., 2006).
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Figure 7-8: SEM photos of JKWR AC 825-0.5-0.1ml at (a) 140x (b) 4300x magnification with JKWS AC
825-0.5-0.1ml at (c) 140x and (d) 4300x magnification.

Comparing Figure 7-7 with Figure 7-8, it is apparent to see the effects of steam activation on the
carbon structure of the chars. The development of macropores are observable in Figure 7-8 (b) and
Figure 7-8 (d), with the produced JKWS carbon possessing larger macropores than the produced
JKWR carbon. The presences of macropores (and mesopores) are beneficial for any adsorption

process because these pores serve as feeder pores to smaller micropores (Zabaniotou et al., 2008).

Comparing Figure 7-7 with Figure 7-8 gives the clearest indication of burn-off, where new pores are
formed during steam activation as the carbon structure of the chars are being burnt. It can also be
observed that there are less amorphous carbon particles after steam activation, which indicates that
the aforementioned particles were burnt off during steam activation, giving the produced JKWS and

JKWR carbons an organised and regular structure (Nabais et al., 2010).

Figure 7-8 shows that the surface characteristics of the original JKWS and JKWR biomass are not
significantly altered by the process of steam activation; this was also observed by Williams and Reed

(2006) during their steam activation work using flax biomass fibre waste.
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7.2.3 Nz adsorption at-196°C

The BET surface area was determined by adsorption of N, at -196°C using the Coulter Omnisorp as

described in Section 7.1.9.

7.2.3.1 Effects of acid-washing on measured BET surface area of JKWS activated carbon

JKWS char was washed according to the ReACT process to minimise the risks of quartz vessel
devitrification and potential failure, as caused by the alkaline earth metals content during steam
activation. The effects of acid washing on the burn-off and BET surface area of a batch of produced
JKWS activated carbons was examined only. This was because further test comparisons required
continued steam activation of unwashed char, causing further devitrification and failure of quartz
reactors and this was uneconomical for the research. The amounts of JKWS AC sample produced
were also insufficient for conducting all the characterisation tests and as such, only N, adsorption

tests at -196°C using the Coulter Omnisorp were conducted and contrasted.

Table 7.4: Textural properties of JKWS AC produced from acid washed and unwashed chars.

Unwashed Acid-washed
JKWS AC Burn-off BET surface area Burn-off BET surface area
(%) (m?/g) (%) (m?/ g)
825-1-0.1ml 233 552 21.2 523
850-1-0.1ml 24.2 575 23.0 549
875-1-0.1ml 29.7 636 253 562
900-1-0.1ml 34.7 720 27.5 575
925-1-0.1ml 36.7 753 30.0 606

Table 7.4 shows a selection of JKWS ACs that were produced from chars that were unwashed and
acid washed. At 825-1-0.1ml activating conditions, unwashed JKWS AC had a burn-off of 23.3% vs.
21.2% for washed chars whereas for 925-1-0.1ml conditions, burn-off was 36.7% for unwashed chars
and 30.0% for washed chars. The higher burn-offs recorded for unwashed char indicates higher
reactivity between carbon and H,0 and as such, unwashed JKWS char resulted in ACs with higher

BET surface areas than ACs produced from washed chars as the same activation conditions.
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Figure 7-9: Development of BET surface area with burn-off for acid washed and unwashed JKWS AC.

It can also be observed that as the activation conditions increase, BET surface area increases at a
higher rate for unwashed char (see Figure 7-9). This is evidenced by the steeper gradient of the plot
for unwashed char (14.5m?/g/% burn-off) vs. washed char (8.7m?/g/% burn-off). The gradient shows

the increase of BET surface area per % burn-off.

The effects of ash removal on burn-off and BET surface area can be explained by the fact that the
presence of inorganic minerals in the ash exerts catalytic influence on the rate of steam activation
(gasification) as well as the formation of pores as a result of the activation process due to the
presence of oxides on the surface of the char carbon structure (Mui et al., 2004). Thus, the ReACT
process, discussed in Section 7.1.2.2 was developed to reduce this problem and ensure that the
carbons were not “over-activated”, especially during regeneration of spent activated carbons. By
applying this washing process to the JKW char samples; there is a similar reduction in the extent of

activation, as is clearly shown in Table 7.4.
Coincidentally, the alkaline earth metals; which are removed during acid washing are the elements

responsible for the catalytic effect, especially calcium (Cunliffe and Williams, 1998, Cazorla-Amords

et al., 1996, Cannon et al., 1994, San Miguel et al., 2001).
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Further experiments with JKWS chars or comparisons between unwashed and acid washed JKWR
chars were not conducted to investigate the extent of the catalytic effect due to the detrimental
consequences on the quartz reactors. As a result, all subsequent results reported have been from

experiments conducted using acid washed JKWS and JKWR chars.

7.2.3.2 BET surface area

All JKWS and JKWR activated carbons which were prepared exhibited a mixed Type |/Type IV
isotherm with the H4 characteristic hysteresis loop as can be seen in Figure 7-10 and Figure 7-11.
The shape of the loop differs from adsorption system to system but the desorption branch is always
greater at any given relative pressure than the adsorption branch (Gregg and Sing, 1982). The Type
IV isotherm indicates that the carbon measured contains both micropores and mesopores. The BET
surface area and t-plot meso- and macroporous surface areas are presented in Table 7.5. All BET

plots had R* values greater than 0.95 with BET P/P, ranges between 0.001 and 0.1.
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Figure 7-10: N, adsorption isotherms of JKWS AC at increasing activation temperatures. The

desorption branches are shown in dotted lines.
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Figure 7-11: N, adsorption isotherms of JKWR AC at increasing activation temperatures. The

desorption branches are shown in dotted lines.

In Figure 7-11 showing the adsorption isotherms of JKWR carbons, it can be seen that at lower
activation temperatures, there is no significant hysteresis loop, which indicates that the
mesoporosity of those carbons are very low (Fierro et al., 2008). However, the isotherms start to
show increasing/larger hysteresis loops once activation temperatures increase, indicating increasing

mesoporosity of the produced carbons.

It can be seen in Figure 7-10 and Figure 7-11 that as the activation temperatures increases at
constant activation time and water flow rate that the volume of N, adsorbed per gram of carbon
increases; which is in agreement with results obtained by other researchers (Roman et al., 2008,
Marsh and Rodriguez-Reinoso, 2006, Gonzalez et al., 1994). There is also concurrent development of

the BET surface area, as depicted in Table 7.5 as the activation temperature increases.

The adsorption isotherms are indicative of high degrees of microporosity with a lesser degree of
mesoporosity, with mixed Type | and Type IV isotherm characteristics. The H4 character indicates
that the pores are slit-like and this is confirmed by examining the SEM images in Figure 7-8 in Section
7.2.2. Nevertheless, the effects of steam activation on the N, adsorption isotherms of the produced

JKWS and JKWR carbons are evident.

134



350 1 F400

300

N
[
o

200

Volume of N, adsorbed/ml g
e
o

=

o

o
!

0 : : : : : : : : : ‘
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
P/P,

Figure 7-12: N, adsorption isotherms of F400, the commercial AC used for comparison purposes.

The significant effect of steam activation on both JKW-derived carbons’ micropore characteristics
are expressed by all the samples. This is particularly important as it is well-known that micropores
make a major contribution to the total surface area and enhance the adsorption capability of
activated carbons (Yang et al., 1993, El-Sheikh et al., 2004). However, JKWS and JKWR carbons
activated under current parameters are still unable to compete with the commercial comparison
F400 as evidenced by the much higher volume of N, adsorbed as shown in the isotherm plot of F400
in Figure 7-12. Nevertheless, it can be seen from the hysteresis loop of the adsorption isotherm in
Figure 7-12 that F400 exhibits a more mesoporous nature than JKWR or JKWS activated carbons at
this point. Furthermore, the slight increase at the tail-end of the isotherm is also indicative of its

mesoporous character.
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Table 7.5: Parameters obtained from N, adsorption data of produced JKWS and JKWR AC at increasing activation temperatures.

Surface Area (m%/g) Ash content
Micropore:BET (%) BET C-value
JKWR AC Burn-off/% BET Micropore Meso- & macropores (%)
825-0.5-0.1ml 114 278.4 253.28 25.12 91.0 802 1.42
850-0.5-0.1ml 13.7 322.1 290.76 31.34 90.3 2722 1.50
875-0.5-0.1ml 139 357.6 323.42 34.18 90.4 3671 1.87
900-0.5-0.1ml 17.7 445.8 408.99 36.81 91.7 19372 1.69
925-0.5-0.1ml 21.5 476.0 437.73 38.27 92.0 33740 1.43
JKWS AC
825-0.5-0.1ml 12.7 441.9 409.75 32.15 92.7 8971 2.89
850-0.5-0.1ml 14.9 474.1 445.96 28.14 94.1 11841 2.75
875-0.5-0.1ml 155 491.8 463.08 28.72 94.2 15449 2.65
900-0.5-0.1ml 17.6 496.7 463.38 33.32 93.3 15989 2.57
925-0.5-0.1ml 21.9 516.9 482.81 34.09 93.4 35311 2.99
F400 N/A 977.4 885.84 91.56 90.6 1023 9.00
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In Table 7.5, it can be observed that along with the increase in activation temperatures, the burn-off
also increases; this indicates an expected correlation between burn-off and BET surface area. It can
also be noticed that the micropore surface area makes up the majority of the total BET surface area
of all types of carbons tested, including F400 demonstrating the microporous nature of the produced

JKWS and JKWR carbons.

The continued increase in BET surface area with activation temperature demonstrates the continual
creation of micropores. There is a concurrent development of meso- and macropores, which are
formed by the widening of existing micropores in conjunction with external burn-off of the char
carbon structure (Pastor-Villegas and Duran-Valle, 2002). The increase in activation temperature
allows the endothermic C-H,0 reaction to be thermodynamically favourable (Bouchelta et al., 2008),
allowing for greater development of porosity. This event occurs due to the fact that as burn-off
increases, the H,0 molecule begins to attack the micropore walls and causes widening to form
mesopores, whilst existing mesopores are widened to form macropores (Molina-Sabio et al., 1996,

Gonzalez et al., 1994, Rodriguez-Reinoso and Molina-Sabio, 1992, Rodriguez-Reinoso et al., 1995).

The micropore:BET surface area ratio gives an indication of the degree of relative microporosity of
the produced carbons and it is observed that there is no defined trend as the activation temperature
increases. This could be due to uneven external burn-off as a result of different reactivity
experienced by both JKWS and JKWR chars. It is reasonable to assume that since JKWR experiences
lower burn-off than JKWS at the same activating conditions that it is less reactive and this could be
due to the different lignocellulosic content of its precursor biomass (Gergova et al., 1994, Suhas et
al., 2007, Reed and Williams, 2004), as previously discussed in Section 5.4.3, especially due to its
larger cellulose content, which is more stable under high thermal conditions (Yang et al., 2007). It
should be noted that the steam activation process is heterogeneous and not only controlled by the
chemical reactions between the water molecules and the carbon molecules but is also limited by
diffusional mass transfer through the carbon structure (Arriagada et al., 1997). The diffusion of
water through the char structure is thus limited by the porosity of the char precursor; where the
measured BET surface areas for JKWS char and JKWR char were 110 m?/g and 17m?/g, respectively

and as such, water molecules are able to penetrate JKWS char much easier than JKWR char.
The BET C-values are a good indicator of the reliability of the BET results where C-values between 2

and 150 are considered to be acceptable (Gregg and Sing, 1982, Sing, 1985). It can be seen in Table

7.5 that the C-values were all outside of the accepted values, which indicate that there are
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micropores within the sample and so, the limits of the BET theory are being reached. Nevertheless,
the C-values exhibited by JKWS and JKWR carbons are still useful for comparing the textural
characteristics of the produced JKWS and JKWR carbons.

The ash contents of produced JKWS carbons were approximately half that of the JKWR carbons. The
original JKWS biomass had an ash content of 1.56% whereas JKWR biomass had an ash content of
4.43%. It is recognised that the inorganic metals content manifests itself as ash content and is
concentrated in the char during carbonisation and subsequently in the activated carbon during
activation but due to the acid-wash process; a significant part of this ash is removed. Thus, the actual
ash contents of the JKW carbons were less than the theoretical yield. The acid washing step removes
between 75%-82% of the actual JKWS carbon ash content and between 82%-85% of JKWR carbon

ash content vs. the theoretical ash contents.

In Table 7.5, it can be observed that as C-values increase as the BET surface area increases for both
JKWS and JKWR carbons and that the maximum activation temperature of 925°C produced JKWR
carbon with the highest BET surface area of 476m?/g and the highest BET surface area for JKWS

carbons was measured at 517m?/g.

The activation temperature experiments clearly demonstrated that in order to maximise the BET
surface area produced in both JKWS and JKWR carbons, the highest activation temperature tested

(925°C) must be used at the same activation time and water flow rate.

7.2.3.3 Pore size distribution

The mesopore size distributions was determined according to the Kelvin Equation, in which the
desorption branch of the isotherm was used by Barrett et al. (1951) in Section 3.2.2. Examination of
the micropore size distribution was possible though the application of the Horvath and Kawazoe
(HK) equation in Section 3.2.3. The pore-size distribution of the JKWS AC produced ranged from
0.533nm to 0.550nm and 0.514nm to 0.561nm for JKWR AC i.e., in the micropore range of sizes. In
comparison, Calgon F400 has a measured HK pore size distribution of 0.512nm. The HK effective
pore diameters for the series of JKWS and JKWR carbons prepared are listed in Table 7.6 along with

the total pore volume.
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Figure 7-13: Mesopore size distribution for JKWS AC 925-0.5-0.1ml, activated at 925°C for 0.5 hour

with 0.1ml/min water flow rate.
The mesopore size distribution of produced JKWS AC was similar enough that a representative plot

could be used. The mesopore size distribution analyses for all JKXWS carbons are listed in Table 7.6.

The same is observed with JKWR carbon in Figure 7-14.
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Table 7.6: Pore volume parameters for produced JKWS and JKWR AC at increasing temperatures at 0.5h activation time and 0.1ml/min water flow rate.

HK micropore

Mesopore

JKWR AC Burn-off (%) Total pore vol. (ml/g) Micropore vol. (ml/g) Meso- & macropore vol. (ml/g)
diameter (hnm)  diameter (nm)
825-0.5-0.1ml 114 64.48 0.104 64.376 0.514 3.959
850-0.5-0.1ml 13.7 74.59 0.122 74.468 0.518 4.035
875-0.5-0.1ml 13.9 82.81 0.135 82.675 0.529 4.054
900-0.5-0.1ml 17.7 103.2 0.171 103.029 0.534 4.019
925-0.5-0.1ml 21.5 110.2 0.183 110.017 0.561 4.002
HK micropore Mesopore
JKWS AC Burn-off (%) Total pore vol. (ml/g) Micropore vol. (ml/g) Meso- & macropore vol. (ml/g)
diameter (nm) diameter (nm)
825-0.5-0.1ml 12.7 102.3 0.169 102.131 0.533 3.863
850-0.5-0.1ml 14.9 109.8 0.181 109.619 0.536 3.975
875-0.5-0.1ml 15.5 113.9 0.188 113.712 0.537 4.069
900-0.5-0.1ml 17.6 115.0 0.189 114.811 0.538 4.033
925-0.5-0.1ml 21.9 119.7 0.196 119.504 0.550 4.024
F400 N/A 226.4 0.371 226.029 0.512 3.966
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Figure 7-14: Mesopore size distribution for J(WR AC 925-0.5-0.1ml activated at 925°C for 0.5h with

0.1ml/min water flow rate.

The size distributions are only used in a comparative manner and are by no means, absolute. The
mesopore size distribution of JKWS and JKWR carbons tend towards the micropore region i.e., they
are closer to 2nm (micropore) than 50nm (macropore). Further, both micro- and mesopore size
distributions for each JKW-derived activated carbons are essentially similar with minor changes in
diameter as a result of increasing activation temperatures. This could be a result of the similar lignin
contents of JKWR and JKWS as well as the cellular structures of the JKW biomass as observed in the

SEM images in Section 7.2.2.2.

Table 7.6 shows that there was an observed trend of increasing micropore diameter widening for
both JKWS and JKWR activated carbons as the activation temperature and hence, carbon burn-off

increased. Mesopore diameter is not observed to follow a similar trend.

The total pore volume of F400 exhibited superior micropore volume, indicative of its higher
adsorption capacity and surface area. It can also be observed that both micro- and mesopore size
diameters of both JKWR and JKWS carbon are similar to that of F400. This demonstrates that

although the BET surface area and total pore volume is much lower, both JKWR and JKWS
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experiences the same pore distribution development during steam activation as F400. This suggests
that with high enough burn-off, JKWR and JKWS carbon could effectively be used as an alternative
feedstock for activated carbon production with similar pore characteristics determined by N,

adsorption as F400.

7.2.4 Butane working capacity

Butane working capacity (BWC) of JKWS and JKWR AC was determined as outlined in Section 7.1.10.
It is a particularly suitable test for the effectiveness of the carbons for processes such as evaporative

control devices where the adsorbate is trapped and recovered in a cyclic fashion (Allen et al., 1999).

Allen et al. (1999) suggested in their work that the optimal pore width for cyclic butane adsorption-

desorption is possessed by large micropores and small mesopores.
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Figure 7-15: The effect of increasing activation temperature on butane activity and BWC of JKWS and

JKWR carbons activated at 0.5h and 0.1ml/min water flow rate.

The increase in activation temperature brings about increases in butane activity of the produced
JKWS and JKWR carbons. This is a direct result of the development of porosity, in particular the

microporosity of the carbons as previously discussed in Section 7.2.3.2. Accordingly, the
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enhancement of the microporosity will enable butane molecules to be easily and strongly adsorbed;
hence the improved butane activity of the produced activated carbons as the activation temperature
increases as can be seen in Figure 7-15. Butane has a molecular diameter of approximately 0.5nm

and therefore, will most strongly adsorb in pores of slightly larger width (Allen et al., 1999).

It can be observed that the produced JKWR carbon demonstrated greater butane activity when
compared to the produced JKWS carbons. According to the data presented in Table 7.5, the
produced JKWS carbons had higher BET surface areas as well as higher micropore surface area which
should indicate higher butane activity exhibited by JKWS carbons than by JKWR carbons. However,
under this particular test, the reverse was observed and it can be postulated that this could be due
to the structural and lignocellulosic differences of the original biomass feedstock. This has also been
reported by Allen et al. (1999) in their work with activated carbon made from tyres, where activated
carbons with similar burn-offs had different butane adsorption capabilities. The differences were

attributed to the origin of the tyres and thus, the feedstock physical-chemical composition.

It can also be seen in Figure 7-15 that the BWC of produced JKWS and JKWR carbons exhibits a
positive trend with activation temperature. The presence of mesopores are vital in allowing for
desorption of butane (Allen et al., 1999) and as such, JKWS carbons have higher BWC owing to the

larger coverage of mesopores over JKWR carbons.

143



10 4

¢ JKWS

= JKWR

Butane Activity / % w/w

0 T T T T T )
200 250 300 350 400 450 500
Micropore surface area (m?/g)

Figure 7-16: Correlation between the increase in butane activity of produced JKWS and JKWR carbons

and the micropore surface area.

It is observed that the increasing micropore surface area correlates to the increased butane activity
as can be seen in Figure 7-16, confirming what has been reported by Allen et al. (1999). There is a
rapid increase of butane activity in relation to micropore surface area and this is probably due to the
higher reactivity of the JKWS char precursor whereas JKWR is observed to have a gentler

development of butane activity with respect to micropore surface area.
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Figure 7-17: The effect of activation temperature on butane retentivity of JKWS and JKWR carbons

activated at 0.5h and 0.1ml/min water flow rate.

As can be seen in Figure 7-17, the trend in butane retentivity of JKWS carbon is opposite to that of
JKWR carbon. The increasing activation temperature decreases the butane retentivity of JKWS
carbon. This can be explained by the increasing mesopore and macropore contribution, relative to
the total porosity. As the relative mesoporosity increases (as a percentage of the total porosity), this
enables butane to be easily desorbed from the pores, as was observed by Allen et al. (1999) for

tyres.

The produced JKWR carbon exhibits a trend whereby the retentivity of butane increases with
activation temperature, which is a result of the increase in microporosity, which adsorbs the butane
molecules very strongly. This enhanced uptake is due to the overlapping potential fields of adjacent
micropore walls, working in tandem with each and exerting attractive forces on the butane

molecules, as explained by Allen et al. (1999).
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Table 7.7: Data obtained from determination of BWC of produced JKWS and JKWR carbons.

JKWS AC BWC (%) Butane Activity Butane Retentivity Apparent Density
(%) (%) (kg/m’)
825-0.5-0.1ml 3.31 5.12 1.81 0.29
850-0.5-0.1ml 4.49 5.69 1.20 0.29
875-0.5-0.1ml 5.35 6.28 0.93 0.29
900-0.5-0.1ml 5.79 6.58 0.79 0.28
925-0.5-0.1ml 5.99 6.94 0.95 0.23
JKWR AC BWC (%) Butane Activity Butane Retentivity Apparent Density
(%) (%) (kg/m’)
825-0.5-0.1ml 3.55 5.64 2.09 0.37
850-0.5-0.1ml 3.75 6.47 2.73 0.39
875-0.5-0.1ml 4.04 7.56 3.51 0.39
900-0.5-0.1ml 4.70 8.46 3.76 0.39
925-0.5-0.1ml 5.06 8.94 3.88 0.37
F400 15.56 24.36 8.82 0.54

F400 outperforms all the produced activated carbons from both types of feedstock, as seen in Table
7.7. This is expected given the much larger BET surface area possessed by F400. Comparing Table 7.6
and Table 7.7, it can be seen that F400 has nearly twice the micropore volume of produced JKWS
and JKWR carbons, thus having a much higher butane activity. The high butane retentivity is

explained by F400’s highly micropore surface area.
The apparent densities of both types of carbon do not deviate significantly and it is observed that
JKWR carbons have higher apparent densities than their JKXWS counterparts. High apparent density

values for the activated carbons suggest that they can be tightly packed into columns, allowing for

higher adsorptive capacities per unit volume.

7.2.5 lodine number determination

The iodine numbers of the produced JKWS and JKWR activated carbons were determined according

to ASTM Method D4607-94(99) as mentioned in Section 7.1.11.
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Figure 7-18: Effect of activation temperature on iodine number. Activation time: 0.5h and water flow

rate: 0.1ml/min.

The rise in activation temperature from 825°C to 925°C in Figure 7-18 resulted in the iodine numbers
increasing from 356mg/g to 595mg/g for JKWR carbons and from 160 to 551mg/g for JKWS carbons.
This is an indication that the number of pores larger than 1-1.5nm i.e., large micropores into which
iodine molecules can penetrate also increases, as observed by Gergova et al. (1994) during their
study of agricultural by-products such as grape seeds and cherry stones. As a reference, the iodine
molecule is 0.56nm in diameter (Hsieh and Teng, 2000). The maximum iodine number was obtained

when JKWR and JKWS chars were activated at 925°C.

It is known that most of the adsorptive capabilities of activated carbons come from the micropores
(Yang et al., 1993) and therefore, increases in micropores are accompanied by increases in iodine
number. Logically, since the produced JKWS carbons have the higher BET surface area and
micropore surface area, the iodine numbers achieved should be higher. However, JKWR carbons are

seen to be able to adsorb more iodine than JKWS carbons.

Teng and Hsieh (1998) reasoned that for increased adsorbate uptake, the molecules needs to be

accessible to newly-created or existing micropores. An ideal situation would be one in which the
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carbon created were constant in character and all micropores were available for adsorption, which

would mean that the adsorption of iodine would increase proportionally with surface area increase.

ASTM Method D 4607 (ASTM, 1994b) states that the iodine number may be used as an
approximation of the surface area of some types of carbon. If one were to accept the assumption,
then the iodine number should mirror the BET surface area of the carbon. In order to calculate the
surface area occupied by iodine, one also needs to assume that the iodine molecules is spherical and
has a close-packed hexagonal arrangement on the carbon surface. This has been reported as
24.6x10%° m? (Hsieh and Teng, 2000). Thus, the fraction of BET surface area occupied by iodine can
be estimated according to the iodine number. This is shown as Xggr, the fraction of coverage. The
total surface area occupied by the iodine molecules can be calculated by multiplying the surface area
with Avogardo’s number and the iodine number, converted into moles. This data is shown in Table

7.8 and plotted in Figure 7-19 as a function of activation temperature.
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Table 7.8: Surface area characteristics of produced JKWR and JKWS carbons with F400.

Surface area/m’g*
JKWS AC lodine Number/mg g™ Xeer X
BET Micropore Meso- and macropore I, occupied Meso:BET

825-0.5-0.1ml 160 441.9 409.75 32.15 93.29 0.073 0.21 0.23
850-0.5-0.1ml 248 474.1 445.96 28.14 144.59 0.059 0.30 0.32
875-0.5-0.1ml 307 491.8 463.08 28.72 178.99 0.058 0.36 0.39
900-0.5-0.1ml 402 496.7 463.38 33.32 234.38 0.067 0.47 0.51
925-0.5-0.1ml 551 516.9 482.81 34.09 321.25 0.066 0.62 0.67

JKWR AC lodine Number/mg g* BET Micropore Meso- and macropore I, occupied Meso:BET Xger Xm
825-0.5-0.1ml 356 278.4 253.28 25.12 207.56 0.090 0.75 0.86
850-0.5-0.1ml 467 322.1 290.76 31.34 272.28 0.097 0.85 0.95
875-0.5-0.1ml 497 357.6 323.42 34.18 289.77 0.096 0.81 0.90
900-0.5-0.1ml 508 445.8 408.99 36.81 296.18 0.083 0.66 0.71
925-0.5-0.1ml 595 476.0 437.73 38.27 346.91 0.080 0.73 0.77
F400 1000 977.4 885.84 91.56 583.04 0.094 0.60 0.66
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Figure 7-19: Effect of activation temperature of Xgcrof iodine in produced JKWR and JKWS carbons.

Figure 7-19 shows that only some of the BET surface area is accessible to iodine for JKWS AC due to
the fact that Xger < 1, i.e. the available BET surface area is not saturated with iodine molecules.
However, this fractional coverage increases with increasing activation temperature, as evidenced by
the increasing Xggr values. A majority of surface area of JKWR carbons activated at the lower
temperatures is already exposed to iodine molecules but this decreases throughout the activation

temperature range.

There does not appear to be a direct relationship between the iodine number and BET surface area.
Even though it was observed that in Table 7.8, JKWS AC had higher BET and micropore surface area
than JKWR AC, it does not necessarily mean that there will be a higher uptake of iodine, as
evidenced by the lower iodine numbers. As the activation temperatures used to activate both
carbons increased, the fraction of iodine adsorbed by BET surface area Xggralso increased, indicating
that the improved BET surface area plays a role in iodine adsorption, providing more adsorption
sites, although other factors could have an influence including pore shape, surface chemistry and

internal pore connectivity.

The Xger values <1.0 indicate that not all of the BET surface area is available for adsorption, which is

logical when one considers the contribution from the meso- and macropores as they tend to have
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lower adsorptive capabilities (Yang et al., 1993). The X, ratio is the surface coverage of micropores
by the iodine molecules and it is observed to be slightly higher than the Xge; ratio. This is as expected
since it takes into account the meso- and macropore surface area. From Table 7.8, the X, results
indicate that the micropores are not fully utilised during adsorption and this may depend on the
diffusion path from the external aqueous environment into the internal microporous cavities of the
carbon as well as the size and shape of the pores. If the diffusion path is too long or the pore
diameter is too narrow, the chances of pore blockage occurring increases, especially when

aggregation of adsorbate molecules occur (Hsieh and Teng, 2000).

Mesopores are essential in enhancing the adsorption capacity of activated carbons in aqueous
solutions, especially if the adsorbed molecules involved are large (Hsieh and Teng, 2000) or in the
case of this study, the effective micropore diameter is small (approx. 0.5nm). Thus, it can be seen in
Table 7.8 that the meso- and macropore surface area and its ratio to BET surface area of JKWR
carbons is larger than that of JKWS carbons. Hence, it is reasonable to infer that the higher uptake of
iodine by JKWR carbons is due to its better developed mesoporosity, relative to its total BET surface
area. It is also for this reason that F400 has high iodine number: the large mesoporosity allows easier

access to the adsorbing sites provided by the internal micropores.

The explanation for the role of meso- and macropores in the adsorption of molecules from aqueous
solution is that the adsorption path from the external environment to the micropores is shortened
and under this circumstance, the mesopores assist in accelerating adsorption and increasing
equilibrium coverage of the micropore surface (Hall et al., 1966, Hsieh and Teng, 2000, Teng and

Hsieh, 1998).

7.2.6 Phenol adsorption

The factors that affect the adsorption capabilities of activated carbons are as follows (Snoeyink et

al., 1969, Dabrowski et al., 2005):
1) Effects of adsorbate such as molecular weight, solubility and polarity

2) Effects of the carbon such as surface chemistry, surface area and porosity

3) Effects of the solution such as pH and competing ions.
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The accepted theory of adsorption of phenol onto activated carbons was proposed by Coughlin and
Ezra (1968) in which they explained that the m electrons of the phenol ring interacts with the active
carbon surface. Coughlin and Ezra (1968) also suggested that the removal of electrons from the
ring could interfere with the bonds. Phenol adsorption onto activated carbons is strongly influenced

by oxygen-containing functional groups (Dabrowski et al., 2005).

The mechanisms for the transport of phenol molecules into the AC pores are as follows (Faust and

Aly, 1998, Hameed and Rahman, 2008):

a) Phenol molecules migrate through the solution and are concentrated on the carbon surface
via film diffusion;

b) This is followed by solute movement from the carbon surface into the interior pore sites by
pore diffusion;

c¢) The phenol molecules are adsorbed onto the active sites in the interior of the carbon

particles.

As the adsorption process proceeds, the phenol molecules tends to desorb into the solution and
once the rates of adsorption and desorption attain equilibrium, the phenol adsorption capacity is

known (Faust and Aly, 1998).

It was previously discussed in Section 3.5.6, the surface structures of activated carbons influences
the pH of the solution into which it is placed. Consequently, this will affect the adsorption of the
molecule of interest present in the aforementioned solutions. If the solution pH exceeds the pKa
value of phenol, the molecule will dissociate into phenolate anions and H" ions. The adsorption of its
ionic form will then depend on the surface charge of the activated carbon (Dabrowski et al., 2005)
which will be reduced when compared to adsorption of the phenol molecule. The pKa value for
phenol is 9.89 (Dabrowski et al., 2005). Thus, it is important to keep the solution pH below this point
in order to maximise adsorption as there will be less repulsion between the phenol molecule and the

activated carbon.
The pH of the phenol solutions after adsorption by JKWR and JKWS carbons were determined and

this is shown in Figure 7-20, along with the change in pH due to the addition of the JKW-derived

carbons.

152



850 875 900 925
Activation temperature/°C

i pH change (JKWS) I pH change (JKWR)
—e—Phenol pH after adsorption (JKWS) —#-Phenol pH after adsorption (JKWR)

Figure 7-20: Variation of phenol solution pH after adsorption by JKWS and JKWR carbons.

The pH measurements indicated that the both types of carbons were of the ‘H’ variety which was
proposed by Steenberg (1944) as mentioned in Section 3.5.6. This is because of the gain in pH units
from the measured average pH 4.2 of phenol (shown by the columns in Figure 7-20) after the
addition of JKWR and JKWS carbons, indicating the presence of basic surface groups on the carbons.
These results indicate that the main form of phenol present during adsorption was the molecular
form and this should result in adsorption by the produced activated carbons without being affected

by surface charges and ions.
Phenol is most adsorbed at neutral pH but this decreases as the pH becomes more acidic due to

competition from H" ions present (Snoeyink et al., 1969). In this case, JKWR and JKWS are well-suited

to phenol adsorption due to being able to raise acidic pH values to near neutral levels.
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7.2.6.1 Adsorption kinetics

F400 was used as the commercial standard comparison to JKW-derived carbons and as such, the
contact time needed for equilibrium to be reached during phenol adsorption for all the tested JKW

carbons were based on F400. The adsorption kinetics plot of phenol is presented in Figure 7-21.
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Figure 7-21: Phenol adsorption kinetics of F400. Initial phenol concentration: 200ppm.

From Figure 7-21, it can be seen that F400 was nearly fully-saturated with phenol at t=10mins. This
demonstrated that F400 provided plenty of accessible adsorptive sites to the phenol molecules. The
minimum contact time needed F400 to reach saturation is 12h. Hence, to ensure full equilibrium was
reached as well as valid comparisons between the JKW activated carbon samples, 24h was used as
the contact time for equilibration. This doubled contact time also provided a margin of safety to
ensure that less activated JKW carbons were allowed sufficient time to reach phenol adsorption

equilibrium.
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7.2.6.2 Adsorption isotherms

The adsorption isotherms, which result from plotting g. (concentration adsorbed) against C.
(equilibrium concentration), are shown in Figure 7-22 for JKWS activated carbons and in Figure 7-23
for JKWR activated carbons activated for 0.5h with a water flow rate of 0.1ml/min. A phenol
adsorption isotherm of F400 is also presented in Figure 7-24 for comparison purposes. The
isotherms are important for understanding how adsorbates interact with the carbon and are vital in

optimising the use of the carbon as an adsorbent.
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Figure 7-22: Adsorption isotherms for JKWS activated carbons produced at increasing activation

temperatures. Activation time: 0.5h and water flow rate: 0.1ml/min.
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Figure 7-23: Adsorption isotherms for JKWR activated carbons produced at increasing activation

temperatures. Activation time: 0.5h and water flow rate: 0.1ml/min.

From Figure 7-22 and Figure 7-23, it is clear that as the activation temperature increases, the
amount of phenol adsorbed by the produced JKWS activated carbon increases; from 83mg/g to
128mg/g. The amount of phenol adsorbed increased from 72mg/g to 114mg/g for JKWR carbons as
a result of increased activation temperatures. Both results are an indication of the continued
development of porosity which is suitable for phenol adsorption. The textural characteristics of both

types of carbons are presented in Table 7.9, along with the characteristics of F400.
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Table 7.9: Textural characteristics with Langmuir and Freundlich constants for phenol adsorption for JKWR and JKWS ACs.

Langmuir parameters

Freundlich parameters

JKWS AC Burn-off/% BET surface BET pore Q,(mg/g) R, R? K n R?
area/m*g" volume/mlg* (mg/g)(mg/L)n
825-0.5-0.1ml 12.7 441.9 102.3 83 0.011 0.9922 28 4.06 0.7843
850-0.5-0.1ml 14.9 474.1 109.8 96 0.018 0.9993 32 4.19 0.8243
875-0.5-0.1ml 15.5 491.8 113.9 115 0.039 0.9984 23 2.95 0.8612
900-0.5-0.1ml 17.6 496.7 115 118 0.037 0.9966 34 3.90 0.9015
925-0.5-0.1ml 21.9 516.9 119.7 128 0.026 0.9963 47 4.89 0.9413
JKWR AC
825-0.5-0.1ml 11.4 278.4 64.48 91 0.061 0.9806 35 5.88 0.9171
850-0.5-0.1ml 13.7 322.1 74.59 106 0.071 0.9754 40 5.49 0.9208
875-0.5-0.1ml 139 357.6 82.81 110 0.018 0.9967 34 4.26 0.9588
900-0.5-0.1ml 17.7 445.8 103.2 110 0.018 0.9958 42 5.15 0.9662
925-0.5-0.1ml 21.5 476.0 110.2 114 0.075 0.9905 44 5.51 0.9615
F400 N/A 977.4 226.4 175 0.059 0.9894 34 3.13 0.9869
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Figure 7-24: Phenol adsorption isotherm of F400 at different C, values.

It is apparent that none of the current JKW-derived carbons were able to compete with the phenol
adsorption capability of F400, which had a maximum capacity of 175mg/g. At these levels of
activation, the JKW carbons did not have sufficient porosity to adsorb phenol to the same extent as

F400.

All the adsorption isotherms exhibited a L-2 type curve, according to the classification by Giles et al.
(1974b). This type of isotherm suggests that the adsorption of phenol by the activated carbons
follows the premises of the Langmuir theory and that the monolayer has been formed, indicating
that the capacity can be determined from the height of the plateau. However, it has been reported
that this does not provide a fair comparison of adsorptive capacity (Teng and Hsieh, 1998) and thus,

phenol capacity obtained from the simple adsorption isotherms are not used in this study.

It can be seen in Table 7.9 that the increased amount of phenol adsorbed can be directly correlated
to the BET surface area (Teng and Hsieh, 1998) as observed in Figure 7-22 and Figure 7-23. Table 7.9
also shows that the increase in activation temperatures, which is linked with increases in burn-off
leads to increased meso- and macroporosity. This is in agreement with what has been previously
reported in this study as well as in others (Arriagada et al., 1997, Gonzalez et al., 1994, Molina-Sabio

et al., 1996, Rodriguez-Reinoso and Molina-Sabio, 1992). The increasing meso- and macroporosity of
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the carbon also highlights their importance in providing a shortened diffusion pathway for phenol

molecules to access the interior micropores.

Again, the BET surface area or pore volume of the carbons determine the limiting number of sites
available for phenol adsorption since both the surface area and the pore volume increases with
activation temperature. JKWS carbons had greater phenol uptake than their JKXWR counterparts,
possibly due to the higher reactivity to steam and thus, higher surface areas achieved during

activation.

The Langmuir and Freundlich isotherm models were used to facilitate the estimation of phenol
adsorption capacity of the JKW carbons, as discussed in Section 3.4. An example of the straight line
Langmuir adsorption plot from which Qq, the monolayer capacity of the carbon is obtained from the
gradient of the plot is shown in Figure 7-25. The plot shown in Figure 7-25 is of JKWS AC 925-0.5-
0.1ml. The Langmuir plot of the equivalent JKWR-derived carbon was not shown as it was similar to

the plot shown in Figure 7-25.
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Figure 7-25: Langmuir plot of JKWS AC 925-0.5-0.1ml, produced at 925°C for 0.5h at 0.1ml/min water

flow rate.
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Freundlich Isotherm
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Figure 7-26: Freundlich isotherm plot of JKWS AC 925-0.5-0.1ml, produced at 925°C for 0.5h at

0.1ml/min water flow rate.

The Freundlich isotherm plot of JKWS AC 925-0.5-0.1ml is shown in Figure 7-26, where the
Freundlich parameter, K is the y-intercept of the graph. K; provides an indication of the adsorption
capacity of the carbon and 1/n, the slope of the plot is indicative of adsorption intensity, as
discussed in Section 3.4.1. As with the Langmuir plot, the equivalent JKWR-derived carbon exhibited

a similar Freundlich isotherm plot and hence, is not shown.

Each of the adsorption equations shows different levels of applicability to phenol adsorption by the
JKWS and JKWR carbons. The R*value of the plots can be used as an indicator to determine if either

or both of the equations show a reasonable fit to the data obtained.

The Langmuir and Freundlich parameters for phenol adsorption are summarised in Table 7.9. The
adsorption data presented for phenol could be interpreted very well by the Langmuir model, as
evidenced by R? values >0.97. However for some of the carbons, interpretation by the Freundlich
model was less amenable as shown by the relatively lower R? values. Although the n values of the
Freundlich model in Table 7.9 indicate that adsorption of phenol was favourable, there does not
seem to be an obvious trend in the values of K¢, Indeed, the seemingly random behaviour of K¢ values

infers that the Freundlich model is not the best-fitting model for the adsorption of phenol by JKWS
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and JKWR activated carbons. Thus, the emphasis has been placed on using the Langmuir model as

the main theory for phenol adsorption by the produced JKWS and JKWR activated carbons.

The values of the constant, n of the Freundlich model given in Table 7.9 indicated that the
adsorptions which occurred was favourable (Hameed and Rahman, 2008). The R, value (as discussed
in Section 3.4.2) is a dimensionless factor which can be used to determine whether the Langmuir
isotherm model is favourable (Fierro et al., 2008) and the values presented in Table 7.9 indicate that

the model was suitable for the adsorption of phenol under the conditions used in the study.

The optimum Langmuir Q, values obtained was from adsorption by JKWS and JKWR carbons
produced at 925°C, indicating that it is the optimum temperature for JKWS and JKWR steam

activation to produce activated carbons for phenol adsorption.
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Figure 7-27: Effect of activation temperature on Q, of produced JKWS and JKWR carbons.

From Figure 7-27, the monolayer capacity continuously increases with activation for temperature for
JKWS carbons but stays relatively constant for JKAWR carbons. It is known that the increase in Qqis a
function of BET surface area (Juang et al., 2002, Teng and Hsieh, 1998) as shown in Figure 7-28,

which is in turn a function of activation temperature. The relatively constancy of Qg for JKWR
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carbons is due to the minor increase of BET surface area in relation to activation temperature, as

observed in Figure 7-28.
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Figure 7-28: Change in Q, against BET surface area of produced JKWS and JKWR carbons.

In Figure 7-28, the rate of change of Qg against BET surface area is greater for JKWS than it is for
JKWR as can be seen from the gradients of the trendlines. This trend was also observed in Figure
7-16 of Section 7.2.4. Although JKWR had a greater mesopore:BET surface area ratio as previously
discussed in Section 7.2.5, it is unable to compete with the higher absolute BET surface area of
JKWS, which undoubtedly allows for higher phenol uptake. The difference in reactivity and
development of BET surface area can be attributed to the different physical and lignocellulosic

contents of JKWS and JKWR as previously discussed in Section 5.4.3 and Section 7.2.3.2.

In order to examine whether the meso- and macropores of the activated carbon affect the
adsorption of phenol, Xger and X, values were calculated for the carbons, as previously discussed in
Section 7.2.5 and is shown in Table 7.10 and plotted in Figure 7-29. The area occupied by a phenol

molecule is 30.2 x 10%° m? and its molecular diameter is 0.62nm (Hsieh and Teng, 2000).
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Figure 7-29: Values of Xger as a function of activation temperature for produced JKWS and JKWR

carbons.

It can be seen in Figure 7-29 that at low activation temperatures, JKXWR AC had a relatively high
coverage of phenol molecules. This is a result of a high mesopore:BET surface area ratio as
previously discussed in Section 7.2.5. Xger values <1.0 indicate that only partial coverage of the BET
surface area was achieved during phenol adsorption. However, JKWR Xger values were seen to
decrease whereas the Xggr values for JKWS were seen to increase with activation temperature. This
is most probably due to the fact that the increase in Qg does not follow the same rate of increase of
BET surface area, as seen in Figure 7-28. It is possible that the accessibility of the pores of the
produced JKWR AC to phenol changes with increasing activation temperature. This is explained by
the opening of new micropores and deepening of existing micropores and under these conditions,
the increased mean diffusion path restricts the accessibility of the carbon porosity to phenol. This
was observed by Teng and Hsieh (1998) in their work of phenol adsorption with activated carbon

from coal.
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Table 7.10: Surface area analysis and Langmuir model data for JKWS and JKWR carbons produced at different activation temperatures.

JKWS AC Burn-off/% BET surface area/ m*g* Meso:BET Langmuir Qy(mg/g) Phenol SA (m%)  Xger Xm
825-0.5-0.1ml 12.7 441.9 0.073 83 160.53 0.36 0.39
850-0.5-0.1ml 149 474.1 0.059 96 185.67 0.39 0.42
875-0.5-0.1ml 15.5 491.8 0.058 115 222.42 0.45 0.48
900-0.5-0.1ml 17.6 496.7 0.067 118 228.22 0.46 0.49
925-0.5-0.1ml 21.9 516.9 0.066 128 247.56 0.48 0.51

JKWR AC Burn-off/% BET surface area/ m*g* Meso:BET Langmuir Q,; (mg/g) Phenol SA (M%) Xger Xmn
825-0.5-0.1ml 114 278.4 0.090 91 176.00 0.63 0.69
850-0.5-0.1ml 13.7 322.1 0.097 106 205.01 0.64 0.71
875-0.5-0.1ml 13.9 357.6 0.096 110 212.75 0.59 0.66
900-0.5-0.1ml 17.7 445.8 0.083 110 212.75 0.48 0.52
925-0.5-0.1ml 215 476.0 0.080 114 220.49 0.46 0.50

F400 N/A 977.4 0.094 175 338.46 0.35 0.38
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7.2.7 Summary of effect of activation temperature

The results at this stage of the research have indicated that increasing the temperature of steam
activation has a positive effect on the activated carbon burn-off, which indicates that the water
molecules react more readily with the char carbon structure, resulting in weight losses of the char
and simultaneously increasing the porosity of the char. The porosity development of the carbon, as
measured using the BET theory resulted in increased BET surface area and total pore volume of the
activation carbon. The increased activation temperatures are also observed to decrease the carbon

contents of the produced activated carbons.

The effects of increased steam activation temperature are:

e Increased burn-off
e Increased BET surface area and total pore volume
e Increased BWC and butane activity

e Increased phenol and iodine adsorption

The activated carbons made from JKWS experienced higher burn-offs at equivalent activation
temperatures and thus, had higher BET surface areas than similar JKXWR carbons. At the observed
burn-off levels, JKWR carbons exhibited less microporosity than JKWS carbons both at equivalent
burn-off level and activation conditions. However, by virtue of having higher BET surface areas, the
produced JKWS carbons outperformed the JKWR carbons in most of the characterisation tests,
except for iodine adsorption; where larger degrees of meso- and macroporosity allowed for quicker

access to the strongly adsorptive micropores in the inner cavities of the activated carbon.

The steam activation of JKWS and JKWR char at 925°C has been identified as the optimum
temperature for the maximum development of activated carbon porosity from both feedstocks. The
next stage of the optimisation aspect of the research was to determine the effects of activation time
and water flow rate on the above measured characteristics of the produced JKWR and JKWS

carbons.
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7.3 Results and Discussion II: Effect of activation time and water flow rate

The optimum steam activation temperature of 925°C was used for both JKWR and JKWS char

activation under the following parameters:

Table 7.11: Steam activation parameters for J(WR and JKWS char.

Activation Water flow rate/ml
JKWS and JKWR AC Activation time/h
temperature/°C min™*
925-0.5-0.1ml 925 0.5 0.1
925-1-0.1ml 925 1.0 0.1
925-0.5-0.3ml 925 0.5 0.3
925-1-0.3ml 925 1.0 0.3
925-0.5-0.5ml 925 0.5 0.5
925-1-0.5ml 925 1.0 0.5

7.3.1 Sample Yields/Burn-off reactions of JKWR and JKWS char with water

In Section 7.2.2, it was determined that the burn-off increased with increasing activation
temperature and that the burn-off values of JKWS carbons were greater than that of JWR carbons.
The effect of varying the water flow rate and activation time of both types of carbons activated at

925°C is shown in Figure 7-30.

It is apparent that with the proportional increases in water flow rate, that the increases in burn-off
for both types of carbons at both activation times are proportional as well. The highest rate of burn-
off was exhibited by JKWS carbons at 1h activation time whereas the least reactive was observed
from JKWR carbon at 0.5h. As observed previously in Section 7.2.2, JKWS carbons were more

reactive than JKWR at all three water flow rates and at the increased activation time.
The above observations infer that at constant activation temperature, the burn-off of both types of

carbons increases with water flow rate. It can also be observed that the burn-off increases with

activation time.
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Figure 7-30: The effect of water flow rate and activation time on JKWS and JKWR carbons activated
at 925°C.

It is apparent that burn-off is a function of all three steam activation parameters: temperature, time
and water flow-rate (Gonzalez et al., 1994, Fan et al., 2004, Arriagada et al., 1994). The only
noticeable difference is the rate of burn-off experienced by the carbons and this is affected by its
reactivity to water, which in turn is affected by its lignocellulosic content. As such, it is possible to
use burn-off values to determine the extent of steam activation and use it as a common

denominator in order to compare all the produced activated carbons.
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7.3.1.1 Carbon content
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Figure 7-31: Carbon contents of (a) JKWS and (b) JKWR carbons produced at 925°C activation

temperature.
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It can be observed from Figure 7-31 that increasing both the activation time and water flow rate at
an activation temperature of 925°C results in decreased carbon contents of JKWS and JKWR
activated carbons. This is expected as the increased activation times and water flow rates results in
increased burn-off; which was previously discussed in Section 7.3.1, is responsible for the

development of porosity in the activated carbon as can be seen in Section 7.2.3.2.

It can be observed that JKWR activated carbons contained marginally more carbon than JKWS

activated carbons, as previously documented in Section 0.

7.3.2 N adsorption at-196°C

Figure 7-32 and Figure 7-33 show the effects of increased activation time and water flow rate on the
measured BET surface areas of the JKWS and JKWR carbons produced at 925°C. The gas adsorption
isotherms indicate that the Type IV behaviour with its H4 characteristics observed in Section 7.2.3.2
remains.
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Figure 7-32: N, adsorption isotherms for JKWS carbon.
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Figure 7-33: N, adsorption isotherm for JKWR carbon.

The adsorption isotherms show increasing mesoporosity with both activation time and water flow
rate. This trend can also be correlated with the burn-off experienced by the produced activated
carbons, as seen in Table 7.12. The lowest burn-off values (JKWS and JKWR AC 925-0.5-0.1ml)
resulted in an isotherm almost parallel to the x-axis, indicating a highly microporous nature with low
degrees of meso- and macroporosity. The increased burn-offs then creates new micropores and
widens existing micropores into meso- and macropores, as previously discussed. It can be observed
in Table 7.12 that doubling the activation time from 0.5h to 1h using the same water flow rate does
not double the burn-off, indicating that any increase in reaction rate will not be linear. This could

possibly be due to the limited diffusion of water molecules into the char particles.

The results showed that JKWS and JKWR carbons produced at 925°C using 0.5ml/min water flow rate

for 1h exhibited the highest BET surface area and total pore volume.

It can be observed in both Figure 7-32 and Figure 7-33, that there is a large increase in N, adsorbed
by JKWS and JKWR carbons when the activating water flow rate increases from 0.1ml/min to
0.3ml/min whereas the increase between 0.3ml/min and 0.5ml/min is less striking. This can be

explained by the fact that the initial increase was a threefold increase of water flow rate whereas
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the increase from 0.3ml/min to 0.5ml/min was less and that water diffusion saturation was being

reached.

The micropores were seen to decrease in their contribution to overall BET surface area as the burn-
off increases as shown in Table 7.12. This parallels the observations in Figure 7-32 and Figure 7-33 of
increasing mesoporosity of the carbons. JKWS carbons exhibit a lesser microporous nature than
JKWR carbons although the carbons were measured to possess higher overall BET surface area. This

was previously discussed in Section 7.2.2.

However, it was observed that the activated carbons made from JKWR contained a larger degree of
microporosity than those carbons made from JKWS. In Section 5.4.3, the lignin content of JKWR was
determined to be marginally higher than JKWS and this could account for the increased degree of
microporosity generated during steam activation. This has been observed by Reed and Williams
(2004) using biomass natural fibre wastes. Another potential reason for this difference was observed
by Gergova et al. (1994) where they reported that higher microporosity in activated carbon made
from apricot stones was attributed to a higher cellulose content. Thus, similar conclusions can be
drawn for both types of JKWS and JKWR produced carbons, where JKWR had the higher cellulose

content.

A point of interest in the investigation of various water flow rates and increased activation times is
the fact that JKWS and JKWR feedstock are able to produce activated carbons which are very similar
to F400 in terms of BET surface area but possessing less ash content, as shown in Table 7.12. The
most similar activated carbons are JKWS and JKWR AC 925-1-0.5ml i.e., the two carbons with the
highest burn-off values. Activated carbons produced from JKWS in particular, are observed to nearly
match F400 with BET surface area measured. However, both of the mentioned carbons had higher
meso- and macroporosity than F400, which contributed about 25% of their BET surface area results.
In terms of microporous surface area, F400 has the higher surface area. It is however, not
unreasonable to expect that at higher burn-off values, the activated carbons made from JKWS and

JKWR will match and exceed the adsorptive properties of F400.
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Table 7.12: Parameters of JKWS and JKWR determined from gas adsorption data.

Surface area (m?%/g)

Meso- and Micropore:BET surface Ash
JKWS AC Burn-off (%) BET Micropore BET Volume (ml/g) C-value content
macropore area (%)
(%)
925-0.5-0.1ml 21.9 516.9 482.81 94.09 93.4 119.7 15747 1.43
925-0.5-0.3ml 30.2 628.1 547.20 80.90 87.1 145.5 29617 1.15
925-0.5-0.5ml 36.1 667.5 553.40 114.10 82.9 154.6 9180 0.90
925-1-0.1ml 30.0 605.5 530.99 74.51 87.7 140.2 12569 1.16
925-1-0.3ml 41.4 805.9 655.90 150.00 81.4 186.6 5185 1.29
925-1-0.5ml 49.7 974.6 752.00 222.60 77.2 225.7 3048 2.05
JKWR AC
925-0.5-0.1ml 215 476.0 437.73 38.27 92.0 110.2 7213 2.99
925-0.5-0.3ml 23.0 583.9 544.40 39.50 93.2 135.2 5624 3.23
925-0.5-0.5ml 26.2 616.0 571.42 44.58 92.8 142.7 16684 3.48
925-1-0.1ml 234 606.4 560.11 46.29 924 140.4 7893 3.56
925-1-0.3ml 32.3 784.6 713.72 70.88 91.0 181.7 8029 3.40
925-1-0.5ml 42.0 915.6 797.90 117.70 87.1 212.0 4888 3.58
F400 N/A 977.4 885.84 91.56 90.6 226.4 1023 9.00
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7.3.3 Pore size distribution

The results of the pore size analysis were not wholly conclusive with respect to trends and optimal

activation time and water flow rates, which are summarised in Table 7.13. The HK micropore size

decreases with increasing burn-off and the micropores are larger in JKWS carbons than in the

equivalent JKXWR carbon.

Mesopore size distributions of both types of carbon do not exhibit any trend and are all similar in

size to each other. The produced JKWS carbons also possess the larger mesopore size distribution. It

can be inferred that the larger micropore and mesopore size distribution can be attributed to the

higher reactivity of JKWS char towards steam as a result of its lower cellulose content of its organic

feedstock in comparison to JKWR.

Table 7.13: Effective Horvath-Kawazoe micropore size diameter and mesopore size diameter of

produced JKWS and JKWR carbons.

JKWS AC Burn-off/% HK micropore size/nm Mesopore size/nm
925-0.5-0.1ml 21.9 0.551 4.048
925-0.5-0.3ml 30.2 0.548 4214
925-0.5-0.5ml 36.1 0.539 4.161

925-1-0.1ml 30.0 0.540 5.083
925-1-0.3ml 41.4 0.538 4.112
925-1-0.5ml 49.7 0.540 4,123

JKWR AC Burn-off/% HK micropore size/nm Mesopore size/nm
925-0.5-0.1ml 21.5 0.537 3.956
925-0.5-0.3ml 23.0 0.529 4.402
925-0.5-0.5ml 26.2 0.527 3.968

925-1-0.1ml 23.4 0.546 4.030
925-1-0.3ml 323 0.536 4.039
925-1-0.5ml 42.0 0.525 4.018

F400 N/A 0.512 3.966
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7.3.4 Butane working capacity

The BWC is seen to increase depending on water flow rate, activation time and type of activated
carbon. Activated carbons produced from JKWS are the most susceptible to BWC improvement due
to increased water flow rates, as observed in Figure 7-34. It can be seen that doubling the activation
time for JKWS had a greater influence on JKWS than JKWR derived carbons. Activated carbons from

JKWR are less easily activated, for reasons previously discussed in Section 7.2.2.
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Figure 7-34: The effect of water flow rate and activation time on the BWC of produced JKWS and
JKWR carbons at 925°C.

The JKWS carbons produced at 1h and 0.5ml/min water flow rate shows the highest BWC of all the
produced JKWS and JKWR carbons, exceeding even the BWC of F400, as seen in Table 7.14. This
demonstrates that it is possible to tailor the steam activation of JKWS in order to attain similar BWC

as F400.
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Table 7.14: Butane adsorption and desorption characteristics of produced JKWS and JKWR carbon at

925°C activation temperature.

Butane Apparent Density
JKWS AC BWC (%) Butane Activity (%)
Retentivity (%) (kg/m?)
925-0.5-0.1ml 5.99 6.94 0.95 0.23
925-0.5-0.3ml 7.07 9.16 2.09 0.27
925-0.5-0.5ml 9.00 13.15 4.15 0.24
925-1-0.1ml 7.36 10.37 3.01 0.26
925-1-0.3ml 14.35 17.83 3.48 0.20
925-1-0.5ml 16.81 22.12 5.31 0.24
Butane Apparent Density
JKWR AC BWC (%) Butane Activity (%)
Retentivity (%) (kg/m?)
925-0.5-0.1ml 5.06 8.94 3.88 0.37
925-0.5-0.3ml 5.85 11.37 5.53 0.42
925-0.5-0.5ml 6.08 10.73 4.65 0.39
925-1-0.1ml 5.28 8.91 3.63 0.44
925-1-0.3ml 8.08 16.16 8.08 0.38
925-1-0.5ml 8.69 16.73 8.02 0.34
F400 15.56 24.36 8.82 0.54

The butane retentivity of JKWR derived carbons is much higher than that of JKWS carbons. This is
because JKWR carbons contained higher micropore surface area and micropore:BET ratios, seen in
Table 7.12. As previously discussed in Section 7.2.4, the increasing microporosity is responsible for
the retention of butane gas within the carbon structure. Similarly, the butane activity is increased as
a result of the augmentation of the micropore volumes of the produced carbons (see Table 7.12).

There is no observable trend for the apparent densities of the produced carbon except for JKWR
carbons activated for 1h. They can be observed to decrease in apparent density with increasing

water flow rate, which could be explained by the increased burn-off experienced.

7.3.5 Iodine number

The JKWS and JKWR carbons produced at 900°C and 925°C at 1h activation time and 0.5ml.min

water flow rate performed remarkably well in the iodine number determination against F400 as
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seen in Table 7.15. Both JKWS and JKWR carbons activated at 0.3ml/min and 0.5ml/min water flow

rates exhibited iodine numbers which exceeded those of F400.

Table 7.15: lodine numbers of produced JKWS and JKWR carbons at 925°C with different activation

times and water flow rates.

Surface area (m?/g)

JKWS AC Burn-off lodine number BET Meso- and Meso- and
(%) (mg/g) macropore macropore:BET
925-0.5-0.1ml 21.9 551 516.9 35.44 0.069
925-0.5-0.3ml 30.2 870 628.1 80.90 0.129
925-0.5-0.5ml 36.1 956 667.5 1141 0.171
925-1-0.1ml 30.0 795 605.5 74.51 0.123
925-1-0.3ml 41.4 1104 805.9 150.00 0.186
925-1-0.5ml 49.7 1307 974.6 222.60 0.228
JKWR AC Burn-off lodine number BET Meso- and Meso- and
(%) (mg/g) macropore macropore:BET
925-0.5-0.1ml 215 595 476.0 38.27 0.080
925-0.5-0.3ml 23.0 813 583.9 39.50 0.068
925-0.5-0.5ml 26.2 821 616.0 44.58 0.072
925-1-0.1ml 23.4 708 606.4 46.29 0.076
925-1-0.3ml 32.3 1139 784.6 70.88 0.090
925-1-0.5ml 42.0 1190 915.6 117.70 0.129
F400 N/A 1100 977.4 91.56 0.094

The meso- and macropore:BET ratio increases with burn-off and this has an effect on the increasing

iodine number of the activated carbons shown in Table 7.15 for reasons discussed in Section 7.2.5.

As such, the increasing mesoporosity of produced JKWS activated carbons along with their higher

BET surface area has the advantage in the adsorption of iodine in comparison to JKWR derived

carbons.

176



7.3.6 Phenol adsorption

The phenol adsorption capacities of these carbons, given in Table 7.16, are higher than those
observed for the carbons activated in Section 7.2.6. This is expected, given the higher burn-off values

achieved and the resulting increases in porosity of the produced activated carbons.

Both the R, constant of the Langmuir model and the n value of the Freundlich model indicate that
phenol adsorption was favourable under laboratory conditions. However, as with the results
presented in Section 7.2.6, the R* values of the Freundlich model are generally lower than those of

the Langmuir model.

The greatest phenol adsorption capacity according to the Langmuir model was exhibited by JKWS
carbons generated at 925°C for 1h at 0.5ml/min water flow rate. The adsorption capacity Q, of
phenol, as determined from the Langmuir model is observed to be a strong property of the JKW
carbons. All of the JKW carbons activated at 925°C for 1h with 0.3ml/min water flow rate possessed
Qq values that exceeded those of F400. This is a positive result as it has good implications on the

exploitation of JKWS and JKWR as an alternative commercial feedstock for activated carbons.
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Table 7.16: Langmuir and Freundlich parameters for phenol adsorption by JKWS and JKWR carbons

produced at 925°C with different activation times and water flow rates.

Langmuir parameters Freundlich parameters

JKWS AC Qo (mg/g) R, R? K: (mg/g)(mg/L)n n R?
925-0.5-0.1ml 128 0.0259 0.9963 47 489 0.9413
925-0.5-0.3ml 152 0.0195 0.9978 64 5.73  0.9922
925-0.5-0.5ml 172 0.0398 0.9978 37 3.33  0.9204
925-1-0.1ml 143 0.0229 0.9999 41 3.68 0.8619
925-1-0.3ml 185 0.0309 0.9988 45 3.31 0.8868
925-1-0.5ml 256 0.0684 0.9798 40 2.74  0.9596

JKWR AC

925-0.5-0.1ml 114 0.0751 0.9905 44 5,51  0.9615
925-0.5-0.3ml 145 0.0241 0.9993 52 461  0.8949
925-0.5-0.5ml 167 0.0420 0.9822 61 536  0.9689
925-1-0.1ml 149 0.0304 0.9966 47 5.17  0.9533
925-1-0.3ml 196 0.0188 0.9994 58 3.77  0.9272
925-1-0.5ml 222 0.0266 0.9980 55 3.63  0.9417
F400 175 0.059 0.9894 34 3.13  0.9869

7.4 Summary

JKWS and JKWR char were prepared in batches from carbonisation of their respective biomass at
600°C for 1h. A combination of 5 activation temperatures, 2 activation times and 3 water flow rates

were used to vary the carbon burn-off during steam activation.

The products were then evaluated for their adsorptive properties in gaseous and aqueous
environments and the results were compared to a commercial carbon. These were assessed using
nitrogen gas and butane gas for gaseous adsorption abilities and phenol and iodine were used to
assess the aqueous adsorptive properties. Additionally, the adsorption of nitrogen gas was used to

determine the surface area and pore-size distributions.

JKWS and JKWR biomass contained relatively high amounts of alkaline earth metals (sodium,

potassium, calcium and magnesium) and these are concentrated in their respective chars. Upon
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steam activation, the metals cause the devitrification of the quartz reactor and cause its failure. As a

remedy, the chars were acid-washed and dried prior to steam activation.

After determining the effect of activation temperature resulting in adsorbents with the highest BET
surface area, the activation time and water flow rates were varied to study their effects upon the
final product. The effects of these changes upon the adsorptive properties were quantified using the

same parameters as above.

Increasing the activation temperature at constant activation time and water flow rate (0.5h and
0.1ml/min, respectively) resulted in carbon burn-off, indicating the creation of new pores and the
widening of existing pores. This also resulted in a decrease in activated carbon yield. The activation

temperature which resulted in the highest BET surface area for both feedstocks was 925°C.

All the carbons produced were of the “H” variety. Nitrogen gas adsorption analysis of the carbons
resulted in Type I/Type IV adsorption isotherms with hysteresis loops, indicating they were mainly
microporous with lesser degrees of mesoporosity. The isotherms also showed that as the activation
temperature increased, the mesopore gradually contributed more to the overall porosity of the
produced carbons. At this stage, JKWS carbons were determined to have higher degrees of
microporosity than the equivalent JKWR carbons as a result of the difference in lignocellulosic
content of their organic precursors. Additionally, none of the produced carbons possessed surface
areas which could compete with F400. In spite of this, the produced carbons showed promising

results when tested with the above mentioned adsorbates.

The doubling of activation time from 0.5h to 1h increased the overall burn-off values of both JKWS
and JKWR carbons. The same effect was observed for increases in water flow rates from 0.1ml/min
to 0.5ml/min. As previously discussed, burn-off increases are accompanied by higher BET surface
areas and total pore volumes. This in turn, is responsible for increased uptake of butane, iodine and
phenol molecules. At this stage of higher burn-off values (>25%), the JKWR carbons exhibited a
relatively more microporous nature to JKWS at the same activating conditions, as a result of the

higher cellulose content of the JKWR biomass.
The degree/ease of activation was also determined by the intrinsic reactivity of the two carbons.

JKWS carbons were determined to have higher reactivity towards water as evidenced by higher

burn-offs and greater development of porosity in comparison to JKWR.
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The maximum BET surface area and total pore volumes were achieved when both JKWS and JKWR
char were activated at 925°C for 1h at a water flow rate of 0.5ml/min. These represent the optimum
activating conditions for the purpose of this research. Additionally, these two produced carbons
were able to match and in some cases, exceed the adsorptive properties of F400. This implies the

possibility of using either JKWS or JKWR char as an alternative feedstock to F400’s coal precursor.
The subsequent chapter considers the application of optimised JKWS and JKWR carbon. The focus of

applications testing was to examine their effectiveness in adsorbing Bisphenol-A (BPA), which is an

emerging water pollutant under laboratory conditions.
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Chapter 8. Application testing (Bisphenol-A adsorption)

8.1 Introduction

The JKW-derived ACs manufactured, tested and discussed in this work clearly demonstrated that
both JKWS and JKWR proved amenable to activation using steam; as such JKWS and JKWR carbons
were produced with adsorption properties (BET surface areas) comparable to those of F400. The
performance of the optimised JKWR AC and JKWS AC (ACs with the highest BET surface areas) were

competitive, especially in aqueous adsorption tests using phenol and iodine.

It is common to use biomass-sourced feedstock to manufacture activated carbons for use in
medicinal and drinking water purposes. The JKW carbons should fit into this classification, given that
they are derived from a renewable, biomass material which can be considered benign (not
containing any harmful components). Thus, these activated carbons should be viable for safe
application to drinking water streams to remove any trace organic impurities that might be present
after drinking water treatment processes such as flocculation, sedimentation, sand filtration,
chlorination and/or ozonation, as shown in Figure 8-1. Further, if there were any possible
contaminants such as herbicides present on the JKW stems or rhizomes, these would be rendered

inert during the carbonisation and steam activation processes.

Coagulation/

Water source [—{ Storage reservoir — Screening > Pre-ozonation

Flocculation
Activated
Disinfection carbon Ozonation Sand filtration Clarification
adsorption

Distribution

Figure 8-1: Typical flow sheet for drinking water treatment for lowland river.

There are many different and increasing types of organic contaminants which are of interest and
concern due to the increased discharge of man-made agents into water courses and the

environment in general. There have been significant improvements over recent years in the variety
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and sensitivity of analytical techniques used for water analysis (e.g. Liquid chromatography-mass
spectrometers). This has resulted in hitherto unknown groups of compounds being detected in the
aqueous environment. Amongst the organic impurities found in drinking water is a group known as

endocrine-disrupting compounds (EDCs).

Endocrine Disrupting Chemicals mimic hormones in the human body and has the potential to
influence reproductive functions. Thus, they are a high priority group of organic compound for the
assessment of human health risk because they are considered to present the greatest potential for
human exposure and has been classified as a reproductive toxin (Diamanti-Kandarakis et al., 2009).
An EDC is defined by the U.S. EPA as “an exogenous agent that interferes with synthesis, secretion,
transport, metabolism, binding action or elimination of natural blood-borne hormones that are
present in the body and are responsible for homeostasis, reproduction and developmental process”

(Diamanti-Kandarakis et al., 2009).
The disruption of the endocrine system can be caused by (USEPA, 2011):

e the mimicking of natural hormones which can lead to an over-response to the stimuli or
responding at inappropriate times;

e the blocking of hormonal binding sites from certain receptors, preventing natural hormones
from triggering a response;

e direct stimulation or inhibition of the endocrine system causing over- or underproduction of

hormones.

Bisphenol-A (BPA) is the common name for 2,2-(4,4-dihydroxydiphenyl) propane, an organic
compound with the chemical formula (CH3),C(CsH4OH),. The molecular formula of BPA is obtained

from a combination of 2 moles of phenol with one more of acetone and is shown in Figure 8-2.

o N T 0 \ o

Hs

Figure 8-2: Molecular formula of BPA.
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BPA was characterised by Bautista-Toledo et al. (2005) and they reported the following
characteristics: largest distance between the hydroxyl groups of the aromatic rings=0.94nm;
height=0.53nm; benzoic ring width=0.43nm; volume=0.70nm? surface area=4.32nm’ and
electrostatic potential from -4.56 to 34eV. BPA begins to dissociate at solution pH 9.6 and pH 10.2
(Staples et al., 1998, Lee et al., 2003).

BPA is one of the top 50 chemicals in world-wide production (Gilbert and Epel, 2009). It has been
reported that about 347,000 tonnes per annum was produced in 1993 (Firhacker et al., 2000). BPA
is manufactured by condensing phenol with acetone under low pH and high temperature conditions
in the presence of catalysts. The crude product is then refined by distillation; filtered and dried. BPA
usually forms flakes or crystals. During manufacture, BPA may be inadvertently released as dust
emissions during processing, handling and transportation. Further routes of exposure include

washing residues and wastewaters generated during manufacture (Staples et al., 1998).

It is used as a plasticiser during the manufacture of polycarbonate polymers and epoxy resins
(Staples et al., 1998). Polycarbonates, which have become the most widely-used material in
engineered plastic account for 60% of the total demand for BPA. Epoxy resins are used in many
application including product finishing, decorative floor manufacture, breaking petroleum
emulsions, structural steel coating, lacquer coatings in cans and other vessels used for foodstuffs,
tank coatings, can and drum linings and floor varnishes (Perez et al., 1998). Staples et al. (1998) have
identified some routes of human exposure to BPA: from chemical leaching from the inner plastic
coating of canned foodstuffs and from commercial composites and sealants used in dentistry. In

both pathways, BPA was found to be the agent responsible for oestrogenic activity.

Oestrogen is a hormone that interacts with other steroids to regulate the normal development of
the reproductive system and other tissues (Rigol et al., 2002). BPA exhibits a weak oestrogen-like
effect when ingested into the human body (Bautista-Toledo et al., 2005) and the effects which have
become apparent in humans over the past half century are consistent with those seen in animals
after exposure to high doses of EDCs. These effects include: an increase in genital abnormality in
boys; earlier sexual maturation in girls (Howdeshell et al., 1999) and predisposes tissues to earlier
onset of disease, reduced fertility and mammary and prostate cancer (Staples et al., 1998). Low
doses of BPA were reported to have caused significant effects in experimental animals including

adverse effects in blood levels within and below the average safety margin in humans (Diamanti-
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Kandarakis et al., 2009) as well as proliferation of human prostate cancer cells, cardiovascular

diseases, Type Il diabetes and liver enzyme abnormalities (Stackelberg et al., 2007).

Krishnan et al. (1993) reported that BPA leached from the autoclaving of polycarbonate flasks, which
increases the rate of proliferation of human breast cancer cells, MCF-7. Consequently, the leaching
of BPA from plastic food containers (as well as from plastic-lined cans into foodstuff), particularly
during repeated use can pose a potential threat to human health (Nakada et al., 2007). More
reviews on the effects of BPA can be found in literature (Kimura et al., 2004, Choi et al., 2005, Liu et
al., 2009) but it is evident that the widespread use and release into the environment of EDCs could

have significant long-term implications for human and animal health.

Although most of the studies published relate to animal testing, these effects suggest that humans
may also be affected by BPA. Some of these effects have been demonstrated by epidemiological
studies which link BPA to ovarian diseases and miscarriages (Takeuchi et al., 2004, Sugiura-
Ogasawara et al., 2005). The concerns over EDCs have been picked up by the press. For example, a
recent BBC news article reported that BPA was readily ingested from eating canned soup and

detected in significant amounts in the urine of test subjects (Roberts, 2011).

As a safety precaution, BPA was banned from use in the manufacture of infant feeding bottles
(implemented on 22/04/2011) and all BPA-containing bottles on the EU market should be replaced
by the middle of 2011 (European Commission, 2011). Recently, France has banned all use of BPA in
baby food packaging and all food containers by 2015 (AFP, 2012). The European Food Safety
Authority (EFSA) concluded that the permanent Tolerable Daily Intake (TDI) of 0.05mg/kg body
weight could remain as it provided a safe enough limit (Erickson, 2008). Similar precautions have
been taken by worldwide governments including the US, Australia, New Zealand and Canada in order

to provide a sufficient margin of safety for consumers (Diamanti-Kandarakis et al., 2009).

8.1.1 BPA removal

BPA is detected in municipal and industrial wastewater treatment streams as a result of either direct
discharge into sewers or via storm-water run-off. Other point sources of BPA in the environment
come from sewage treatment effluent, landfill leachate (via hydrolysis of plastics (Krishnan et al.,

1993) and natural degradation of polycarbonate plastics due to moderate water solubility and low
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vapour pressure. Paper mill effluents also contribute significant amounts of BPA in wastewater and

wastewater sludge (Howdeshell et al., 1999).
Due to their health effects as outlined in Section 8.1, the removal of EDCs and particularly, BPA from
drinking water is an issue of major concern. A number of methods have been used to remove BPA

from water and these are shown in Table 8.1.

Table 8.1: Efficiencies of BPA removal techniques found in literature.

Treatment technique Removal efficiency References
Ozonation and sand filtration >80% Nakada et al. (2007)
Chlorination 76% Stackelberg et al. (2007)
Reverse osmosis membrane filtration 18-83% Kimura et al. (2004)
Activated carbon >99% (at initial BPA (Yoon et al., 2003)

concentrations of 500ng/l)

Presently, adsorption by activated carbons is considered to be one of the most efficient methods for
the removal of organic material in water (Liu et al., 2009). This is due to its relatively low capital cost
when compared to the methods listed in Table 8.1 and low toxicity when placed in contact with
water. Activated carbons possessing high surface area, pore volumes and low surface polarity were
considered beneficial to the increased adsorption of BPA (Tsai et al.,, 2006, Choi et al., 2005,
Bautista-Toledo et al., 2005).

8.2 Experimental protocols

The investigation of the adsorption of BPA by optimised JKWS and JKWR carbons along with F400
commercial carbon was conducted in stages. The first stage focused on observing the effects of pH
on the adsorption process. The next stage was to determine the adsorption kinetics of BPA
adsorption to identify a suitable and reasonable equilibrium time for adsorption. Adsorption
isotherm experiments were then performed to investigate the adsorption capacity of the carbons.
Additional activated carbon characterisation tests such as surface chemistry, hardness and bulk

density where also performed.
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8.2.1 pH and point of zero charge determination

The solution pH is a parameter of great interest in the process of adsorption from aqueous phases as
it determines the charge of both the carbon and adsorbate molecules and as such, governs the

adsorbent-adsorbate interactions (Radovic et al., 2001).

The pH of the BPA solutions was determined as described in Section 7.1.7 for phenol solutions.
During spectrophotometric measurement of the solutions at pH 11, the solution pH must be
adjusted to below the dissociation pH of BPA (pH 9.6). Otherwise, the measured results are not
representative due to the significant extent of the dissociated bisphenolate anion. This was done by

the addition of 1M HCl to the sample before analysis.

The point of zero charge, pHp;c is the pH at which the carbon exhibits any total surface charges
(Moreno-Castilla, 2004). The carbon samples exhibit a positive total surface charge at solution
pH<pHpzc and a negative total surface charge at solution pH>pH,;c (Ferro-Garcia et al., 1998). Hence,
in knowing the pHp, of the activated carbon, the pH of the solution can be adjusted for maximum

BPA adsorption.

The pHp;c of the carbons were determined using the pH drift test (Ferro-Garcia et al., 1998). 50ml of
0.01M NaCl solution was placed in a jacketed titration vessel at 25°C with N, gas bubbling through
the solution to minimise the effects of dissolved CO,. The pH of the solution was adjusted between
pH 3 and pH 11 using either HCl or NaOH. Once adjusted, ca. 0.15g of activated carbon was mixed
into the solution and a magnetic stirrer was used to ensure constant mixing. The mixture was
allowed to equilibrate for 3h and the final pH thereafter was measured and plotted against the
starting pH of the solution. The pH at which the curve crosses the pHiniia=pHsinal line is the PZC of the

activated carbon.

8.2.2 Surface chemistry using Boehm titration
The general titration procedure to determine the surface chemistry of the activated carbons were

carried out according to Boehm (1966) but using a modified approach to the procedure, as

suggested by Goertzen et al. (2010) and Oickle et al. (2010).
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Approximately 1.5g of activated carbon was added to 50ml of one of three reaction bases of 0.05M
concentration: NaHCO3;, Na,CO; and NaOH as well as to 50ml of 0.05M HCIl. The samples were
agitated at 150rpm for 24h and then filtered to remove the carbon. 10ml aliquots were removed
using a pipette and then acidified by adding 20ml of 0.05M HCIl to the reaction base aliquots. The
aliquots of Na,CO; were acidified by adding 30ml of the acid to ensure complete neutralisation of
the diprotic base. The acidified solutions were then back-titrated using 0.05M NaOH and a calibrated

Fisher brand Hydrus 500 pH meter with a VWR electrode was used to determine the end-point.

To ensure correct concentrations for NaOH and HCI, NaOH was standardised using dried potassium
hydrogen phthalate (KHP). A mass of ca. 10g was accurately weighed to 0.01mg and dissolved to
make 1L of solution. A 25ml aliquot of KHP was pipetted into a conical flask and titrated using 0.05M
NaOH. The standardised 0.05M NaOH solution was then used as a titrant in the standardisation of
HCI. A calibrated pH meter was used to determine the end-point of approximately pH 7 for HCI-

NaOH titration and approximately pH 8.7 for NaOH-KHP titration.

The dissolved CO, in the acidified aliquots was removed by bubbling N, gas through the solutions for
2h and titrated immediately with constant N, degassing during the titration to ensure sufficient
removal of CO,. This was done to prevent the introduction of environmental CO, into the sample

(Goertzen et al., 2010) which will interfere with the results.

The equation used to determine the quantity of surface groups by back-titration is given by:

. Va
Equation 8-1: [HCUVyye, = IN@OH]Vyaon + ("nL;l [B]V — nCSF) e
Equation 8-2: nese = "2 [BV; — ([HC Vi, — [NaOHVyaon) ‘I’/—B

B a

[B] = Concentration of reaction base mixed with carbon

V= Volume of reaction base mixed with carbon

ncse = Moles of carbon surface functionalities on carbon surface reacting with base
V, = Volume of aliquot taken from Vg

[HCI] = Concentration of acid added to aliquot taken from original sample

Vi = Volume of acid added to aliquot taken from original sample

[NaOH] = Concentration of the titrant in the back-titration

Vyaon = Volume of the titrant in the back-titration
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—n:a = molar ratio of acid to base (reaction of monoprotic vs. diprotic bases).
B

The amount of surface groups present on the carbon surface is calculated through the difference in
the amount of surface functionalities that reacted with the bases or the acid. NaOH is a strong base
and thus, reacts with all surface groups present (carboxylic acids/carboxyls, lactones/lactols and
phenols) and will have an ncs; value that includes all of these groups. Na,CO; reacts with carboxyl and
lactonic groups whereas NaHCO; reacts only with carboxylic groups. In this way, subtracting known
amounts from the unknown will allow the determination of the quantities of surface group
functionalities present on the activated carbon. The amount of carbon surface functionalities

presented in this section is given with RSD within 10% based on three experimental points.

8.2.3 Ball-pan hardness

The ball-pan hardness test was used to determine the resistance of activated carbons to particle size
degradation under service conditions (ASTM, 1979). The test method used in this research was taken

from Smith et al. (2012), who adapted it from ASTM method D3802-79 (ASTM, 1979).

Hardness is important in applications such as solvent recovery or catalyst supports but is less vital in
water treatment where the hydraulic pressures are not high enough. However, possessing a high
hardness number is useful in minimising fines generation during usage (Roskill Information Services

Ltd., 2003).

The method used the 0.5-2mm particle fraction of the carbon samples, which was obtained using
ASTM method D2862-97 (ASTM, 1997). 50cm’ of the aforementioned size fraction was placed into a
200mm receiver pan, which was obtained using ASTM method D2854-96 (ASTM, 1996b). 15 large
and 15 small steel balls, each 13mm and 9.5mm in diameter, respectively were placed into the
receiver pan. Five sieves of arbitrary mesh sizes were stacked on top of the receiver pan and the
stack was placed onto an Endecotts Octagon Digital sieve shaker (Endecotts, London, UK). The
shaker was switched on for 0.5min and the recovered sample from the receiver pan was placed onto
a 0.5mm sieve and shaken for a further 10mins. The ball pan hardness was calculated from the

percentage by mass of the recovered sample that passed through the 0.5mm sieve.
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8.2.4 BPA adsorption

Similar to the procedure detailed in Section 7.1.12 pertaining to phenol adsorption tests, the
adsorption kinetics of BPA by the activated carbons was first determined. Approximately 20mg of
samples were placed in 100ml of 200mg/I BPA solutions in different conical flasks and aliquots were
removed and filtered to be measured spectrophotometrically at specific time intervals to determine
the amount of BPA adsorbed. Prior to taking measurements, a wavelength scan was initiated to
indentify the optimum wavelength for detecting BPA as mentioned in literature. The wavelength

confirmed was 275.5nm as used in work by Bautista-Toledo et al. (2005).

The BPA stock solution was made by weighing 1g of BPA (>99% purity, Sigma Aldrich) into 5 litres of
deionised water. A magnetic stirrer was used to dissolve the solid crystals for 24h as BPA has

moderate water solubility of 120-300mg/| at pH 7 (Staples et al., 1998).

Five different BPA concentrations (10, 20, 50, 100 and 200mg/|) were used as calibration data points
and a Shimadzu UV-2401PC UV-Vis spectrophotometer (Shimadzu Corp., Kyoto, Japan) was used to
measure the BPA solution adsorption. The test concentrations were prepared by serial dilution from
the 200ppm stock solution in order to minimise any errors in weighing out small masses of the solid

BPA crystals.

Absorption kinetics tests were used to determine the equilibration time need for BPA to reach
saturation adsorption by the optimised JKW carbons. This was performed in the same manner as

described in Section 7.1.12.1 for phenol adsorption kinetics tests.

Adsorption isotherm tests were conducted to determine the BPA adsorption capacity of the
samples. The procedure closely mimics the procedure of the earlier adsorption tests described in
Section 7.1.12.2. Aliquots were removed and filtered through 0.45um Whatman syringe filter papers
(Whatman Ltd., London, UK) before residual BPA concentration measurement by the
spectrophotometer. pH values were determined before and after adsorption experiments using a

calibrated pH electrode as described earlier.
Adsorption experiments related to determining the influence of pH was conducted by adjusting the

pH of the BPA solutions using 1M NaOH or 1M HCI. Once the pH was adjusted, the procedure is the

same as previously described. All experiments were performed in triplicate.
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8.3 Results and Discussion

In order to obtain sufficient sample amounts of optimised JWS-derived activated carbons, JKWS and
JKWR char were each activated at the optimised conditions three times. The results obtained are

shown in Table 8.2.

Table 8.2: Repeatability of the AC yields of JKWS and JKWR activated at optimised conditions (925°C

for 1h with 0.5ml/min water flow rate). SD values obtained from 3 different measurements.

JKWS yield JKWR yield

Test
(%) (%)
1 49.7 42.0
2 49.8 42.3
3 49.6 41.8
Average 49.7 42.0
SD 0.1 0.3
RSD 0.2 0.6

As previously hypothesised in Section 5.5, the produced vyields of JKW-derived carbons are highly

repeatable, as evidenced by the low SD and RSD values.

8.3.1 pH, pHpzc and surface chemistry

Table 8.3: Surface chemistry of optimised JKWS and JKWR carbons and F400.

Phenol Lactone Carboxylic Basic Acidic
Carbon groups groups groups groups groups pHepzc

(mmol/g)  (mmol/g)  (mmol/g)  (mmol/g)  (mmol/g)

JKWS 0.050 0.207 0.000 1.088 0.257 8.3
JKWR 0.013 0.023 0.000 0.842 0.035 8.5
F400 0.009 0.177 0.089 0.438 0.275 7.0

It can be seen in Table 8.3 that optimised JKWS and F400 contain similar amounts of acidic groups
whereas optimised JKWR had fewer acidic groups. These acidic groups comprise the phenol, lactone

and carboxylic groups whereas the constituents of the basic groups are less well-known. The acidic
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groups lend the activated carbons their hydrophilic and polar character and are known to affect the

adsorption properties of the activated (Bansal, 2005, Burg and Cagniant, 2007, Liu et al., 2009).

The results in Table 8.3 confirm that both optimised JKWS and JKWR carbons exhibit basic
tendencies, as shown by H-type activated carbons. This was a result of the delocalised it electrons in
the basal plane, acting as a Lewis base (Nabais et al., 2010). This was also further evidenced by the
high amounts of basic groups determined via Boehm titration in Table 8.3. On the other hand, F400

has been demonstrated as a neutral carbon, as shown by Al-Degs et al. (2000).

8.3.2 BPA adsorption kinetics
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Figure 8-3: Calibration plot of BPA at 275.5nm wavelength.
The calibration plot of BPA using five different data points is shown in Figure 8-3. The high R® value

indicates good methodology as well as demonstrating that the UV/Vis response of BPA

concentrations is linear up to at least 200mg/I.
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Figure 8-4: BPA adsorption kinetics isotherms of F400 and optimised JKWS and JKWR carbons. Initial

BPA concentration: 200ppm.

The adsorption kinetics measured for BPA adsorption by the optimised carbons and F400 are shown
in Figure 8-4. They indicate that BPA uptake already occurs at t=10mins and saturation begins at

t=8h for all three carbon samples.

It is evident that the optimised JKWS carbon performed as well as F400 during BPA adsorption
whereas optimised JKWR carbon had two-third less capacity than either F400 or optimised JKWS
carbon. Optimised JKWS carbon and F400 show a maximum Qg of 311mg/g and 304mg/g

respectively, whereas optimised JKWR carbon had a maximum Qg of 110mg/g.

The relatively low adsorption of BPA by optimised JKWR carbon could be due to the fact that BPA
exhibits a polar character (Nakamura and Daishima, 2004, Hu et al., 2007, Cai et al., 2003, Basheer
and Lee, 2004) and would be best adsorbed by carbons which exhibit the same polar character.
Consequently, the low amount of acidic surface groups possessed by optimised JKWR carbon as
demonstrated in Table 8.3 of Section 8.3.1 indicates that its low polar nature would not perform well

in the adsorption of BPA.
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Figure 8-5: Percentage BPA adsorption by produced carbons and F400.

It can be seen in Figure 8-5 that optimised JKWS and F400 had ca. 85% BPA adsorption in 10 min
whereas JKWR carbon took 90mins to reach 85% saturation. Full saturation was achieved in 8h for
optimised JKWR carbon and F400 and in 24h for optimised JKWS carbon. Hence, it can be agreed

that the equilibration time needed for total saturation is 24h and as such, the adsorption isotherm

experiments will be conducted for 24h.

8.3.3 BPA adsorption isotherms

The adsorption kinetics tests reported in the previous Section 8.3.2 indicated that after 24h, the BPA
adsorption had reached equilibrium on the carbon samples. It had been demonstrated in Section 0
that the aqueous adsorption data obtained did not fit the Freundlich model and as a result, only
results fitted to the Langmuir theory are presented. During the experiments, it was noted that at the
2 lowest BPA concentrations (10 and 20 mg/l), all detectable traces of BPA were completely
adsorbed by all three carbon samples in 24h and consequently, did not yield any data points.

Subsequently, additional data points were obtained by omitting 10 and 20mg/| BPA and using 80 and

150mg/| concentrations instead.
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Figure 8-6: Langmuir adsorption isotherms of BPA adsorption using optimised JKW carbons and F400.

It can be seen in Figure 8-6 that optimised JKWS carbon performs similarly to F400 whereas
optimised JKWR did not perform as well. The C. of optimise JKWR carbon is also observed to be
much higher compared to the other two test samples and this indicates that a high equilibrium

concentration is needed in order for optimised JKWR carbon to adsorb BPA.

The BPA adsorption isotherm of optimised JKWS carbon and F400 followed a ‘H2’-type isotherm,
according to the Giles classification (Giles et al., 1974b). This indicates very strong adsorptive bonds
between adsorbent and adsorbate (Giles et al., 1974a). The strong polar bonds between the acidic
surface groups of optimised JKWS carbon & F400 (shown in Table 8.3) and the BPA molecules are

responsible for the shape of the BPA adsorption isotherm shown in Figure 8-6.

On the other hand, the isotherm shape of optimised JKWR carbon exhibited a type “L2” isotherm,
which indicates that as more adsorption sites are filled, it becomes increasingly difficult for
adsorbate molecules to find empty sites (Ferro-Garcia et al., 1998) and thus, higher C. values are

needed for adsorption to reach equilibrium.
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Table 8.4: Langmuir parameters for optimised JKWS and JKWR carbons and F400.

Carbon Q, (mg/g) R, R Xger (mg/m?)
JKWS 312 0.009 0.9980 0.29
JKWR 105 0.041 0.9833 0.11

F400 303 0.002 0.9996 0.31

The data presented in Table 8.4 was carried out in unbuffered solutions and was determined from
five experimental points, as previously described in Section 7.1.12.2 for phenol adsorption. The pH
of BPA is approximately between pH 5.6 and pH 5.9. Upon the addition of the optimised JKW
carbons, the pH of the solution was raised to between pH 8.8 and pH 9.4. The R, values indicate that
the adsorption of BPA is favourable and R? values indicate very good fit of trendlines through all the
data points. Furthermore, at the aforementioned BPA solution pH values, there is no dissociation of
BPA molecules and all 3 carbon samples exhibit positive total surface charges, indicating that there

are no repulsions between adsorbent and adsorbate.

Xger values indicate the fraction of BET surface area of the samples being occupied by BPA molecules.
It also serves to normalise the Qq results in order to aid comparisons between the samples. As
observable in Table 8.4, optimised JKWR carbon performed poorly in relation to the other two

samples for reasons explained in the previous Section 8.3.2.
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8.3.3.1 Influence of pH

Figure 8-7 shows the results of BPA adsorption on the three carbon samples at different solution pH.
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Figure 8-7: Influence of solution pH on BPA adsorption by optimised JKWS and JKWR carbons and
F400.

Qp represents the Langmuir adsorption capacity of BPA onto the carbon samples. In all three
carbons, the adsorption capacity was highest at acidic and mildly basic pH levels. However, it is
observed that above a certain pH, the Qg value decreases. This behaviour can be explained by the

opposing charges of the carbons and BPA at basic pH levels.

At pH 11, the solution pH is much greater than the pHp;c of all three carbon samples and thus, the
carbons exhibit a negative total surface charge. The BPA molecule dissociates into its bisphenolate
anion and H' ions at solution pH > 9.6 or 10.2. Consequently, the increased electrostatic repulsion
between the negatively-charged carbon and the bisphenolate anion results in reduced adsorption
capacity of the carbons, as observed by Bautista-Toledo et al. (2005), Tsai et al. (2006) and Liu et al.
(2009).
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8.3.4 Ball-pan hardness

The attrition resistance of the optimised JKWS and JKWR carbons were assessed using their ball-pan

hardness in comparison to F400, as shown in Table 8.5.

Table 8.5: Ball-pan hardness numbers of optimised carbons and F400.

Carbon Ball-pan hardness number
JKWS, optimised 18.2
JKWR, optimised 73.6
F400 93.1

Both optimised carbons exhibited lower hardness numbers than F400, especially optimised JKWS
carbon. However, it is not unexpected that F400 had a much higher hardness number as activated
carbons made from coal are harder than those made from biomass (Roskill Information Services Ltd.,
2003). Heschel and Klose (1995) concluded in their work with agricultural by-products that the
morphology of the biomass is the main factor influencing the hardness, density and porosity of the
carbon. This is due to the cross-linking of cellulose, hemicellulose and lignin molecules in the original
plant biomass. As a result, the higher hardness number of optimised JKWR carbon could be

attributed to its higher cellulose content.
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Table 8.6: Particles size distributions and bulk densities of optimised JKWS and JKWR carbons with

precursor char bulk densities.

Mesh size (mm) JKWS JKWR

4.00 9.65 6.43

2.80 6.14 30.41

2.00 27.19 18.13

1.00 35.96 20.18

0.50 9.65 14.62

0.25 7.89 3.51

0.15 3.51 2.92

Char bulk density (g/cm?) 0.11 0.29
Optimised carbon bulk density (g/cm?) 0.06 0.24

The structure of the initial biomass feedstock could also affect the hardness of the produced carbons

(Reed and Williams, 2004). From Figure 7-6 in Section 7.2.2, the JKWS biomass is observed to be

more fibrous than JKWR biomass, with more cracks in its structure. As a result of the steam

activation process where the process of burn-off removes some of the carbon, this weakens the

cracked and fibrous structure of JKWS carbon. This is also exhibited as a decrease in the bulk density

of the optimised JKWS carbon compared to its char in
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Table 8.6. In contrast, optimised JKWR carbon showed less of a decrease in bulk density. The large
decrease in bulk density after steam activation for JKWS carbon is also an indication of its reactivity

towards the activation process.

Figure 8-8: SEM photographs of optimised JKWS carbon at (a) 300X, (b) 1100X and optimised JKWR
carbon at (c) 300X and (d) 1100x.

Observations from the SEM images in Figure 8-8 also indicate that the pore walls of JKWS carbon
appear much thinner than those of optimised JKWR carbons, lending to the lower hardness value of
JKWS carbon. Furthermore, the structure of optimised JKWR carbon is seen to be more regular and

latticed, giving it structural strength.

Figure 8-8 (b) and (d) show the fine details of the porosity of the optimised JKW-derived carbons as a

result of steam activation. The pores on the structural walls are observable at high magnification. It

can also be seen that the cellular structure of JKW is preserved at high burn-off values.
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8.4 Summary

The ability of the JKW derived activated carbons to remove BPA has been demonstrated in this work.
This is important due to the detrimental effects of BPA on the human health along with its increasing
presence and persistence in the environment (Lee and Peart, 2000, Kawahata et al., 2004) and the
relative ease of exposure to humans via plastics. Furthermore, BPA is not readily biodegradable
(Firhacker et al., 2000) and must be removed from water. This can be easily rectified using the
produced JKWS and JKWR activated carbons. Although optimised JKWR carbon did not perform as
well as optimised JKWS and F400, the Qg value of 105mg/g is significantly greater than the amounts
found to occur in the exposure pathways and environment (Gehring et al., 2004, Firhacker et al.,

2000) and as such, will be more than capable of adsorbing the BPA found in actual scenarios.

The adsorption kinetics experiments demonstrated that the BPA adsorption process took at least 8h
to reach equilibrium. This was observed for all three carbon samples. However, 85% adsorption was
attained in 10mins for optimised JKWS carbon but 90mins was required for optimised JKWR carbon

as a result of the low polar character of the carbon.

The solution pH is a significant factor when examining the uptake of BPA by the carbon samples. The
produced JKWS and JKWR carbons were H-type carbons (according to pHp,c) due to the large
amounts of basic surface groups present whereas F400 was a neutral carbon. Very alkaline solutions
(pH>9) had a detrimental effect on the adsorption of BPA by all of the tested carbons due to the
repulsive electrostatic effects experienced by both the negatively-charged carbon surface and the
negatively-charged, dissociated bisphenolate anion. As a result, in order to maximise BPA adsorption

by the optimised carbons, the solution pH should be kept below pH 9.

The optimised carbons did not demonstrate very high hardness numbers as a result of the structure
and lignocellulosic content of their biomass predecessors. However, this could be counteracted by
mixing the carbons with binder and pelletising them to increase hardness, especially carbons made
from JKWS. Optimised JKWR carbons are harder and should stand up better to attrition.
Furthermore, hardness is less vital in potable water treatment where the activated carbon is not
subject to high enough hydraulic pressure to be crushed during service (Roskill Information Services

Ltd., 2003).
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All three carbon samples demonstrated good adsorption capabilities for BPA. Considering the fact
that most BPA levels found in water courses were 8 ng/ml according to Kang et al. (2006) and studies
conducted in the US and in several European countries. Even when BPA was concentrated in landfill
leachate, the average concentration found was 269ng/l (Kang et al., 2006), indicating that the

optimised carbons would be able to easily and quickly adsorb the BPA contamination.
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Chapter 9. Overall discussions and suggestions for future work

Economic development leads to higher consumption rate of goods and service. Thus, there is an
increase in the generation of waste materials. As the rate of waste generation increases, the effects
on the environment become apparent. As such, sustainable management methods must be applied
to stem the health and environmental impacts of waste. In the widely-accepted waste management
hierarchy pyramid, re-use and reduction is promoted above all other forms of waste management
methods, with disposal the least desired option. This also ties in the with the concept of a circular
economy, which is a mode of economic development based on ecological circulation of natural
materials, requiring compliance with ecological laws and sound utilisation of natural resources to

achieve economic development (Feng and Yan, 2007).

Japanese knotweed does not constitute municipal waste but it is biodegradable and thus, disposal to
landfill is the least desirable option. In trying to control or eradicate Japanese knotweed, the three
main routes of disposal (burning, burial and landfilling) begin with the excavation of plant biomass.
This is important as the rhizome allows for efficient re-establishment of the plant, if not entirely
removed. All aforementioned disposal methods result in the eventual release of carbon into the
atmosphere in the form of CO,. The use of herbicides is tightly-controlled, costly, long-term and
potentially harmful to the environment. In summary, there is no sustainable method of controlling
Japanese knotweed in the UK. In fact, there is nothing much that can be done to eradicate this

invasive species without enormous financial and time expenditure.

If one were to extrapolate burning as a method of disposal, one could infer that the Japanese
knotweed biomass could be incinerated for energy. However, some factors that need consideration

are (Williams, 2006):

e Flue gas treatment as dictated by the EU Waste Incineration Directive;
e Treatment and disposal process for ash residues, which could end up in landfill at further

cost; especially when co-incinerated with hazardous wastes.
Furthermore, the biogenic carbon contained within the plant biomass would be entirely released as

CO, or CO gas depending on the incineration behaviour and carbon capture methods, further

exacerbating climate change.
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The conversion of Japanese knotweed into activated carbons would be an alternative way to tackle
the problem of disposal. During carbonisation, the production of bio-oil and syngas can be captured
and used as an alternative source of bio-fuel. Calorific values of bio-oil fuel have been shown to
reach 16-19 MJ/kg (Mohan et al., 2006) which is higher than the typical calorific value for MSW of
8.4MJ/kg (Williams, 2006). Syngas also has high calorific value of 48-63MJ/m? (Mohan et al., 2006).
The use of these by-products of the carbonisation of Japanese knotweed could offset the energy
requirements of the reaction as well as compensate for the energy required during steam activation.
In fact, depending on the amount of JKW biomass carbonised for activation, any surplus bio-oil and
syngas could be sold for electricity generation purposes. This could help the UK in achieving a low
carbon economy by 2050 in accordance with the Climate Change Act 2008; which calls for 80%
reduction of GHG emissions below 1990 levels and a medium-term goal of 34% reduction by 2020.
One of the contributing emitters of GHGs is the energy sector and to decrease emissions, it is
predicted that the share of renewable energy sources need to increase from its current 6% to 31%
by 2020 (Department of Energy and Climate Change, 2009). The use of JKW bio-oil and syngas in
electricity generation could help meet this goal due to its biomass origin. Furthermore, the
Renewable Obligation (RO) provides financial incentives for renewable electricity generators as part
of the UK Low Carbon Transition Plan (Department of Energy and Climate Change, 2009). This is
especially useful for the JKW bio-oil and syngas scenario as the RO Certificates can be sold without
the electricity they represent, which means that they provide generators with financial support
above what is received from selling their electricity in the wholesale market. Additionally, RO
certificates depend on the different technologies to account for differences in technology costs.
Furthermore, energy from waste biomass is listed as one of the new developments in the first UK
Renewable Energy Roadmap (Department of Energy and Climate Change, 2011), where the UK

attempts to produce electricity and heat from renewable sources.

The conversion to activated carbons can also be regarded as a form of carbon capture and
sequestration (CCS). CCS also forms part of the UK Low Carbon Transition Plan. CCS has already been
proposed by using bio-chars (Laird, 2008, Novak et al., 2009, Lehmann, 2007, Lehmann et al., 2006,
Steinbeiss et al., 2009, Fowles, 2007). It is therefore, not unreasonable to postulate that activated
carbon can fulfil this role, especially those produced by steam activation as it is non-toxic and
physically and chemically stable. Data has shown that global CO, emissions in 2012 reached 35.6
billion tonnes, which was a 2.6% increase from 2011 and 58% increase from 1990 levels (Kinver,
2012) and drastic action needs to be taken. During the plant’s growth, anthropogenic carbon is

extracted from the atmosphere and incorporated into its biomass and during carbonisation and

203



activation; some of the carbon is stabilised in the char and subsequent activated carbon. The
‘sequestration’ and stabilisation of carbon during the conversion of Japanese knotweed biomass into
char and activated carbon is evidenced in preceding sections of this research. In order to minimise
the transportation (and spread) of JKW biomass, it can be carbonised locally at the source with all
the by-products collected and utilised on-site. Once carbonisation is completed, the char can then be
transported to activation plants. In fact, this could be a valuable stream of income in the form of
carbon credits/allowances where the UK is incentivised to sequester carbon made from JKW in the
form of activated carbon, as part of the EU Emissions Trading System (EU ETS). The EU ETS is a
system where member states ‘cap and trade’ the carbon emissions generated. Companies receive
emission allowances and are allowed to sell or buy allowances from one another as required. The
number of allowances is reduced over time so that total emissions will be reduced. Emissions
generated in 2020 will be 21% less than in 2005 (European Commission, 2012b). CCS is given fuller
recognition within the system under the revised EU ETS Directive (2009/29/EC) which takes effect in
Phase Il of the EU ETS in 2013, incentivising CCS (Wartmann et al., 2009)

The conversion of JKW biomass into activated carbons is particularly useful as it would mean
controlling the spread of JKW by constant excavation, vacating land for local use and amenities and
sequestering anthropogenic carbon in the form of stable activated carbon; which is by itself, a
valuable commodity. This has the added benefit of reducing the impacts of JKW on the biodiversity
of local flora and fauna. However, it is more likely that JKW will only be removed from areas of

construction and not from natural environments unless necessary.

The UK has activated carbon production capabilities of more than 23,000 tonnes per year and at an
average UK export price of USD$3800/tonne, the financial benefits of producing approximately
USDS88 million worth of activated carbon are not insignificant (Roskill Information Services Ltd.,

2003).

The most widely-used raw material for the production of activated carbons is coal and the forecast is
that demand will increase due to growing demand in water treatment and flue gas desulphurisation
(Roskill Information Services Ltd., 2003). Based on available data, world consumption of activated
carbon was 750,000 tonnes in 2003 and predicted world consumption is to approach 1.9 million
tonnes in 2016 (Freedonia, 2012) and as such, the continued usage of coal as the main feedstock is
likely to be unsustainable. Subsequently, other sources need to be utilised and JKW could be a good

sustainable alternative for several reasons: Availability in large quantities; fast-growing; non-toxic;
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status as unwanted waste biomass; easy to activate; low ash content and excellent adsorptive

capabilities when activated.

Additionally, the utilisation of JKW as a carbon precursor would fulfil the principles of a circular
economy, where ‘waste does not exist’ and ‘the energy required to fuel the cycle of re-use should be

renewable’ (Ellen MacArthur Foundation, 2012). This is because:

e JKW would not be seen as a waste for disposal but as a resource,

e The energy used to activate the carbons could be derived from the bio-oil and syngas by-
products,

e There will be less reliance on activated carbon imports (resource independence), mitigating
price volatility and supply risks,

e JKW-derived carbons can be regenerated after being spent (Roskill Information Services Ltd.,

2003) for improved service life.

To this end, the steam activation technology has been investigated and shown to be suitable for
converting JKW biomass into activated carbons. This has the two-pronged approach of sustainably
managing a waste biomass and producing a product that has inherent value, with no polluting
potential and sequesters carbon permanently. In addition, the steam activation renders the plant

biomass incapable of regenerating itself.

9.1 Chemical characterisation, thermal analysis and carbonisation of

waste biomass

Waste biomass is gaining traction in activated carbon usage as the world realises that using non-
renewable sources as feedstock is unsustainable. In doing so, workers need to analyse the chemical
constituents of the biomass feedstock to determine their suitability as activated carbon feedstock.

These included CHN, ash and lignocellulosic contents as seen in Table 5.2 and Table 5.3.

Green waste was characterised and was found to be unsuitable as an activated carbon feedstock
due to its high ash content and low carbon content. During the GW carbonisation experiments, the
ash-free-basis carbon contents of the produced char were insufficient for steam activation. Hence,

the research has focussed on determining the suitability of JKW as a feedstock.
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Prior to this research, there has been no work on the chemical analysis of Japanese knotweed. This
was useful in explaining the differences in the effects of steam activation on the two distinct
components that make up Japanese knotweed biomass: the stems and the rhizomes. Another
property of interest was the lignocellulosic content. It was discovered that although both
components belong to the same plant, there are large differences in the make-up of the plant.
Chemical analysis also determined the unsuitability of green waste as a feedstock due to its low

carbon and extremely high ash content.

Thermal analysis of milligram amounts of the 3 feedstocks in a thermal analyser contributed to a
better understanding of how the samples degraded in an inert atmosphere. This aided the research
in estimating char yields at different temperature and determining a suitable carbonisation
temperature for bulk production of char. All three samples (GW, JKWS and JKWR) followed similar
thermal degradation patterns with a maximum weight loss occurring at ca. 300°C. It is known that
the degradation behaviour is a product of the different combinations and amounts of lignocellulosic
material present in the respective biomasses, which was demonstrated in this research by the 3

samples. These results were presented in Section 5.4.4.

Small-scale batches of samples were carbonised using a quartz reactor in a rotary furnace to verify
TGA results. Subsequently, GW was excluded from further testing due to having erratic
carbonisation product vyields as well as the previously mentioned incompatible chemical
characteristics. The JKWS and JKWR biomass showed different results during carbonisation at the
same temperature; JKWR char yields were higher than JKWS char yields by virtue of the different
lignocellulosic contents. The optimum carbonisation temperature was selected based on the
conditions which produced chars that had the lowest volatile matter emissions from the chars as
determined by thermal analysis using a TGA. This was determined to be at 600°C for 1h. Thereafter,
bulk carbonisation of JKWS and JKWR was carried out to produce sufficient char samples under the

identical conditions to aid comparison in the subsequent steam activated chars.

9.2 Steam activation optimisation

Steam activation was chosen due to its popularity in the activated carbon industry (Roskill
Information Services Ltd., 2003) and it is also a more reactive activating agent when compared to

other physical activating agents such as CO,. It also has a smaller environmental footprint in
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comparison to chemical activation methods and there is the added benefit of being able to

regenerate spent steam activated carbons (Roskill Information Services Ltd., 2003).

JKWS and JKWR biomass were discovered to contain high amount of alkaline earth metals which was
concentrated in their respective chars after carbonisation. These high amounts of Ca, Mg, Na and K
proved detrimental to the service life of the quartz reactor used in the steam activation process and
consequently, an acid-washing step of the carbonised chars was incorporated into the pre-activation
process, with positive results in the removal of the inorganic minerals. The effect of acid-washing
also decreased the catalytic effect provided by the inorganic minerals, resulting in lower carbon
burn-off and the consequent smaller BET surface area. Hence, this prevented the JKW-derived

carbons from being over-activated.

9.2.1 Influence of activation temperature

Three different groups of activation parameters were tested: the first was variations in increasing
the activation temperature followed by doubling the activation time and finally, by increasing the
water flow rate. Steam activation is known to activate chars by initially creating micropores and at
higher burn-off; widen the existing micropores into meso- and macropores. This was confirmed by

the results shown in the research.

The effect of varying the steam activation temperature upon the activated carbon yield and carbon
is shown in Section 7.2.2. It is observed that the carbon burn-off increases with activation
temperature and the adsorptive capabilities of the produced carbons also increases. JKWS carbon is
observed to exhibit higher degrees of microporosity than JKWR carbon at burn-off levels below 25%.
However, due to the higher reactivity of JKWS carbons towards steam activation; it is able to
generate higher BET surface areas and thus, have better (more) adsorptive capabilities than the
equivalent JKWR carbon. The tested activated carbons exhibited mixed Type |/Type IV isotherms
with H4 hysteresis loops, which indicated that the carbons were microporous with varying degrees
of mesoporosity as seen in Figure 7-10 and Figure 7-11. It is noticed that increasing activation
temperatures increases the degree of mesoporosity generated in the carbons, with JKWR carbons
exhibiting lesser degrees of mesoporosity development than JKWS carbons. This was attributed to
the different lignocellulosic contents of the original biomass, with JKWS containing higher amounts

of hemicellulose and less cellulose than JKWR.
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The produced carbons did not perform well in BWC experiments, especially when compared to the
commercial-grade comparison F400. In adsorption experiments with butane gas, the butane activity
of the produced JKWS and JKWR carbons both increased with activation temperature as a result of
the increased porosity development. JKWS carbons have higher butane activity and working capacity
but lower butane retentivity than JKWR carbons. This was due to the different degrees of micro- and
mesoporosity of the carbons and pore shapes. At the low carbon burn-off levels generated by mild

steam activation, the produced carbons were not able to compete with F400.

As expected, iodine numbers for both types of carbons increased with activation temperature. The
type of porosity also plays a role in adsorption as JKWR carbons with their higher mesoporosity
adsorbed more iodine molecules as a result of the shortened diffusion pathway from aqueous
solution to micropores of the carbon although the produced JKWS carbons had higher BET surface

areas. This was shown in Section 7.2.5.

The carbons were all of the H-variety according to the classification of Steenberg (1944), where the
carbons contained higher proportions of basic surface groups and thus, exhibited alkaline properties
in agueous solution as seen in Figure 7-20. The plotted adsorption kinetics isotherms showed that
24h is required for phenol adsorption to reach equilibrium during carbon adsorption and as such, all

phenol adsorption experiments were carried out for 24h.

The plotted adsorption isotherms were interpretable using the Langmuir model and all results
exhibited R*values larger than 0.97. However, the data did not fit the Freundlich model as well due
to lower R? values. All the steam activated JKW carbons exhibited Langmuir Qg values that were

much lower than F400, due to the lower surface area and pore volumes, as seen in Table 7.9.

9.2.2 Influence of activation time and water flow rate
In order to further optimise the steam activation conditions of manufacturing JKW activated
carbons, the activation time was doubled from 0.5h and two additional water flow rates were tested

to include 0.1, 0.3 and 0.5ml/min.

It was observed that the increased water (steam) flow rate had the effect of enhancing burn-off. The

same result was reported for doubling the activation time. As previously mentioned, JKWS carbons
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experienced higher burn-offs (and thus, had lower yields) than the JKWR carbons, as seen in Figure

7-30.

N, adsorption experiments indicated that the extra burn-off achieved by increased water flow rates
and doubled activation times had the effect of increasing the micro- and mesoporosity of the
carbons. Additionally, the contributions of meso- and macroporosity to the total BET surface area
increased with higher burn-off. In contrast to what was reported earlier, JKWR carbons now
comprised higher degrees of microporosity than JKWS carbons. Moreover, both types of JKW-
derived carbons have developed BET surface areas similar to that exhibited by F400. As a result, the
JKW carbons were now able to compete with F400 in terms of adsorptive abilities. This was observed
as increases in iodine numbers, BWC and phenol adsorption capacity. The most activated carbons
(JKWS and JKWR) were shown to perform better than F400 in most of the aforementioned

characterisation tests.

9.3 Application of optimised JKWS and JKWR carbons for BPA adsorption

The optimised JKWS and JKWR carbon were then tested to evaluate their adsorptive capabilities for
BPA in aqueous solution. BPA was chosen as it is an emerging water pollutant of concern with
oestrogen-like effects on the human body. BPA enters waterways as a result of washing residues and
wastewaters generated during plastics manufactured (Suzuki et al., 2004) as well as from its

application.

The initial stages of this part of the research involved examining the adsorption kinetics to
determine the equilibration time for BPA uptake by optimised JKWS and JKWR carbon along with
F400. It was recognised that equilibrium was attained in 8h for optimised JKWS and F400 but 24h for
optimised JKWR carbon. Consequently, all adsorption experiments involving BPA adsorption was

conducted with a contact time of 24h.

Observations indicated that there were other factors besides surface area and porosity affecting the
relatively slower and lower adsorption of BPA by optimised JKWR carbon and the Boehm titration

determined that the low amounts of acidic surface groups was a contributing cause.

Adsorption isotherms were plotted for all three carbon samples and they were able to be

interpreted using the Langmuir theory with all results having R* values >0.98. However, the data did
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not fit the Freundlich model well. The Langmuir Q, values showed that optimised JKWS carbon

performed as well as F400.

The adsorption of BPA was very dependent upon the solution pH. The acid/base character of the
carbon samples also played a vital role in determining their adsorption capabilities. It was
established that the adsorption capacity of all three carbon samples remained constant at acidic and
mildly basic pH levels but decreased greatly at pH > 9. This was explained by the dissociated BPA
anion being repelled by the negative total surface charges present on the carbons at high solution

pH levels.

The ball-pan hardness numbers of optimised JKWS and JKWR carbons were lower than that of F400,
especially that of optimised JKWS carbon. This might be a potential barrier for use in water
treatment due to fines generation. However, mixing powdered carbons with binder and subsequent
pelletisation could rectify the low hardness. F400 is an agglomerated carbon which was made by
crushing coal char and pelletising the crushed particles and this is a common, commercial practise.
Thus, the relative low hardness of optimised JKWS carbons is not a major obstruction to its

commercial viability.

9.4 Conclusions

This research has, for the first time, undertaken the analysis and study of Japanese knotweed as a
potential precursor for activated carbon manufacture. These analyses included chemical and
physical properties such as CHNS, lignocellulosic content, ash content and moisture contents. It
should be noted that prior to this research, there had been no record of CHNS and lignocellulosic
data of JKW. It has conclusively demonstrated that the conversion of Japanese knotweed biomass
into activated carbons is a viable, attractive and novel means of reusing this otherwise problematic

plant biomass.

In converting the original JKW biomass into activated carbons via carbonisation and steam

activation, the following is achieved:

e The biomass is rendered inactive and hence, unable to propagate;
e Excavated plant biomass is sustainably managed without burning or disposal to landfill, thus

meeting the EU Landfill Directive of reducing BMW;
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e The carbonisation process produces calorific by-products such as bio-oil and syngas which

can be utilised for energy production, on- or off-site.

The steam activation technology is proven, well-established and widely-accepted without leaving a
large environmental footprint. Hence, it is ideal for producing usable activated carbon from JKW
biomass. By varying the steam activation conditions such as temperature, time and water flow rate,
the activated carbons can be tailored to possess superior adsorptive properties that are able to rival
and outperform a commercial-grade carbon. In doing so, it has the advantage of being derived from

waste biomass that is sustainable and renewable, unlike coal.

There is a singular lack of work pertaining to JKW in terms of its recycling. Thus, these are some of

the contributions to scientific knowledge from this research in different areas:

e Chemical (CHNS and lignocellulosic content) and physical (moisture content, ash content and
thermal degradation behaviour) analyses of JKWS and JKWR;

e JKW biomass was shown to contain high amount of Ca, Mg, K and Na;

e JKW was for the first time proven as an easy-to-activate alternative activated carbon
feedstock to coal with the highly activated JKW-derived carbons outperforming the
commercial comparison carbon;

e JKW-derived activated carbons were demonstrated to adsorb BPA, an emerging water

pollutant.

The increase in activation temperature, activation time and water flow rate all increases the porosity
of the produced JKWS and JKWR activated carbons. The effects of increased activation parameters

are:

e Increased burn-off
e Increased BET surface area and total pore volume
e Increased BWC and butane activity

e Increased phenol and iodine adsorption

The key processes for the production of JKW-derived activated carbons optimised for BET surface

area and hence, maximum BPA adsorption is as follows:
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e The harvested JKWS or JKWR biomass is dried, crushed and sieved between 10mm and 1mm
particle sizes;

e The crushed samples are carbonised at 600°C for 1 hour with a nitrogen flow rate of
10ml/min in a quartz rotary reactor;

e The char samples are washed using 0.2M HCI acid for 24 hours, three times and oven-dried
in order to reduce the alkaline earth metal content of the char samples;

e The washed and dried char is then activated using steam at 925°C for 1 hour with a water
flow rate of 0.5ml/min. The aforementioned activation parameters allow for the maximum

development of porosity of both JKWS and JKWR char.

9.5 Suggestions for future work

During the course of this research, it was not possible to follow all potential research opportunities

that arose as the work progressed. Potential research programmes are briefly outlined below:

e During preparation of JKW biomass samples, a lot of soil was removed during cleaning and
as such, the recovery and reuse (or disposal) must be taken into account if large-scale work

were to be considered.

e Further work is required to determine the actual amount of JKW found in the UK. The data

obtained for this research was published in 1994 and this plant is spreading quickly.

e Furthermore, there is the issue of pre-drying the biomass before carbonisation. Possibilities
exist where the energy used for the drying stage could be derived from the syngas and bio-

oil produced during carbonisation and this option could be further explored.

e Carbonisation of the biomass produced bio-oils and syngas that were not considered but
analysis by gas chromatography-mass spectrometry (GC-MS) would provide an insight into
the types of degradation reactions that occurred during carbonisation, thus enabling an in-
depth analysis of the influence of feedstock composition upon the char and volatile

products.
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The bio-oils and syngas may have possible reuse opportunities beyond simple energy
recovery, so a complete analysis of the composition of these by-products could be of

significant interest and may provide a new source of chemical precursors.

Higher carbon burn-off (>50%) could also be investigated to determine the prolonged effect

of steam activation on Japanese knotweed chars.

Regeneration tests could be carried out to determine the maximum number of regeneration

cycles before disposal.

A life-cycle analysis (LCA) of the steam activation process from excavation or harvesting of

JKW biomass to final disposal of activated carbon.

If disposal of the activated carbons were required, there could be tests done to determine

their carbon sequestration potential.

Adsorption tests from a mixed solution with more than 1 adsorbate could be conducted to

determine competitive effects for adsorption

A final need for further research is to study the economics of the steam activation process of

JKW and compare it to other forms of activation processes. Without a full assessment of the

costs involved, the potential of this method in using JKW cannot be fully utilised.
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Appendix I

According to BSBI (2011), there are 2879 hectads contaminated with Japanese knotweed, where 1
hectad is 10,000 hectares. Therefore, there are 2.879 x 10’ hectares contaminated with Japanese
knotweed. With the data obtained from Brock (1994), where it was estimated there was an average
of 9365kg/ha of Japanese knotweed stem and 14677kg/ha of Japanese knotweed rhizome, we are
able to calculate that on average, the total mass of Japanese knotweed found in the UK in 1991 was
2.6 x 10® tonnes of stems and 4.3 x 10 tonnes of rhizomes. Unfortunately, this was the most up-to-

date data obtained and it is expected to have increased, as a result of the virility of the species.
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